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Zusammenfassung 
 
Polymere sind in der Natur omnipräsent. Alle Organismen bestehen aus 
unterschiedlichen Arten von Biopolymeren, wobei jedes einzelne Polymer 
eine andere Aufgabe übernimmt, z. B. den Aufbau des molekularen 
Gerüstes (Lignin, Cellulose) und den Energiespeicher von Pflanzen 
(Stärke) oder die Bildung der Erbsubstanz (DNS). Abgestorbene Biomasse 
wird mithilfe von biotischen und abiotischen Prozessen abgebaut und 
transformiert. Mit fortlaufender Sedimentation und dem damit 
einhergehenden Anstieg von Temperatur und Druck kommt es zu teils 
deutlichen Veränderungen der chemischen Zusammensetzung des 
Ausgangsmaterials, abhängig von dessen Stabilität.  
Synthetisch hergestellte Polymere sind eine weitere wichtige Gruppe von 
Makromolekülen. Diese werden in vielen unterschiedlichen 
Anwendungsbereichen eingesetzt und können somit als ubiquitär 
angesehen werden. Einige gelangen auf verschiedenen Wegen in die 
aquatische und terrestrische Umwelt und können dort die Biosphäre 
beeinträchtigen. 
Die chemische Analyse von makromolekularen Substanzen gestaltet sich 
durch ihre Größe und dem damit einhergehenden hohen Siedepunkt als 
sehr schwierig. Mithilfe spektroskopischer Methoden sowie chemischer 
und thermischer Degradationsverfahren können diese großen Moleküle 
charakterisiert werden.  
In der vorliegenden Arbeit wurden bisaccate Pollen, welche aus sechs 
Kerogenkonzentraten von unterschiedlicher thermischer Reife (0,48–1,45% 
VRr) von Hand ausgelesen wurden, untersucht. Das Hauptziel dieser 
Studie war es herauszufinden, inwiefern die thermische Überprägung die 
chemische Zusammensetzung von bisaccaten Pollen im Vergleich zum 
Gesamtkerogenkonzentrat beeinflusst. Hierzu wurden sowohl 
spektroskopische als auch pyrolytische Methoden eingesetzt. Die 
Ergebnisse invasiver und nicht invasiver Methoden, genauso wie die der 
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Mikro- und Makroanalysen wurden verglichen. FTIR, µ-FTIR und Laser-
Pyrolyse–GC/MS zeigten ähnliche Trends, z. B. die Abnahme von 
sauerstoffhaltigen Komponenten, sowie eine Erhöhung der Aromatizität 
mit ansteigender thermischer Reife. Allerdings unterschieden sich die 
Ergebnisse der Curie Punkt-Pyrolyse–GC/MS zum Teil deutlich von den 
anderen Methoden, speziell in hochinkohlten Proben. Zusätzlich zu den 
ortsauflösenden Analysen wurden die Kerogenkonzentrate 
siebfraktioniert (<10 µm, 10–20 µm und 20–40 µm) und jede Fraktion 
separat untersucht. Die Ergebnisse aller Siebfraktionen waren ähnlich in 
Hinblick auf die Veränderung mit steigender thermischer Reife. Die 
amorphe Fraktion (<10 µm) setzte die höchste Menge an aliphatischen 
Komponenten in allen thermischen Reifegraden frei. Diese Studie hat 
gezeigt, dass invasive und nicht-invasive Methoden sowohl für die 
Analyse von Gesamtkerogenen als auch für ortsauflösende Anwendungen 
geeignet sind. Eine Kombination aus beiden Ergebnissen ermöglichte 
einen umfassenden Einblick in die chemische Zusammensetzung des 
Probenmaterials.  
Die schon im ersten Teil der Arbeit eingesetzte Methode der Laser-
Pyrolyse als eine ortsauflösende und zeitsparende Analysemethode zeigte 
ein hohes Potential für die Untersuchung von sehr kleinen Proben, wie 
z. B. Palynomorphen. Jedoch ist die Energie des Laserstahls sehr schwierig 
zu kontrollieren und die resultierende Pyrolysetemperatur nicht 
bestimmbar. Außerdem kann der Erfolg der La-Py-Analysen auch von 
den physikochemischen Eigenschaften des Probenmaterials selbst 
abhängen. Die Hauptaufgabe dieser zweiten Studie bestand darin, 
Informationen zur Vergleichbarkeit beider Methoden zu erhalten und die 
entstehende Lasertemperatur abzuschätzen. Hierzu wurden sechs 
Biomakromoleküle unterschiedlicher chemischer Zusammensetzung, 
geologischem Alter und thermischer Reife mit La-Py–GC/MS sowie CP-
Py–GC/MS analysiert. Es zeigte sich, dass die qualitative 
Zusammensetzung der Pyrolysate in beiden Methoden sehr ähnlich war. 
Jedoch wurden durch die La-Py–GC/MS mehr kurzkettige Aliphaten 
freigesetzt. Einige Probenmaterialien zeigten lineare Trends in der 
relativen Zusammensetzung der Pyrolysate mit ansteigenden 
Zusammenfassung 
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Pyrolysetemperaturen. Für diese Proben konnte die Laser-Temperatur auf 
einen Wert oberhalb der höchsten eingesetzten Curie-Temperatur (920 °C) 
geschätzt werden. Alles in allem ist La-Py–GC/MS eine gute Methode zur 
Untersuchung von thermisch reifen und/oder hauptsächlich aromatischen 
Materialien, wohingegen CP-Py–GC/MS für rezente oder unreife 
Materialien besser geeignet ist.  
Im dritten Teil wurden drei in Bohrspülungen häufig eingesetzte syntheti-
sche Polymere untersucht, um spezifische Indikatorsubstanzen in 
Umweltproben zu charakterisieren, welche auf eine Verschmutzung 
durch Bohraktivitäten hinweisen. Referenzsubstanzen der 
Hauptbestandteile dieser Bohrspülungen (CMC, HEC, PAA) wurden 
analysiert, um geeignete Substanzen zu identifizieren. Daraufhin wurden 
sieben Bohrspülungen pyrolysiert, um die zuvor bestimmten Strukturen 
wiederzufinden. Alle potentiellen Indikatorsubstanzen wurden in den 
entsprechenden Bohrspülungen detektiert. Zusätzlich wurden in einem 
dritten Schritt wurden 15 Bohrkleinproben analysiert. Informationen über 
die chemische Zusammensetzung der für die Bohrung eingesetzten 
Bohrspülung(en) waren nicht vorhanden. Es konnte in keiner der Proben 
der Einsatz einer der zuvor analysierten Bohrspülungen nachgewiesen 
werden. Allerdings zeigten Messungen an dotierten Proben deren 
Nachweisbarkeit. 
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Abstract 
 
Polymers are omnipresent in the living world. All organisms contain 
different types of natural polymers that are responsible for different tasks, 
e.g. the formation of the molecular framework (lignin, cellulose) and 
energy reservoirs of plants (starch) or building up the genetic substance 
(DNA). Dead biomass is subjected to various abiotic and biotic 
transformation processes. With ongoing sedimentation the influence of 
increased temperature and pressure leads to further, partly significant, 
alteration of the original chemical structure, depending on its stability.  
Manmade macromolecules are another important group. These synthetic 
polymers are used in various fields of application and can be considered 
as ubiquitous. Some of them can be exposed to the environment in 
different ways and may disturb the aquatic and terrestrial biosphere. 
The chemical analysis of macromolecular substances is quite challenging 
due to their high molecular mass and, thus, their high boiling points. 
Spectroscopic methods as well as destructive degradation techniques are 
widely applied to characterise those polymers.  
The present study examined bisaccate pollen, handpicked out of six 
kerogen concentrates, with thermal maturities ranging from immature 
(0.48% VRr) to overmature (1.45% VRr). The main aim was the analysis of 
the thermal alteration of bisaccates in comparison to the bulk kerogens. 
Therefore, spectroscopic and pyrolysis methods were applied. The results 
obtained from invasive and non-invasive methods, as well as from micro- 
and macro analyses were compared. FTIR, µ-FITR and Laser-Pyrolysis–
GC/MS (La-Py–GC/MS) analyses showed similar trends, for instance 
defunctionalisation and increasing aromatisation. Results from Curie 
Point–Pyrolysis-GC/MS (CP-Py–GC/MS) differed significantly, especially 
at higher stages of maturity. In addition to the spatially resolving analyses 
the kerogen concentrates were sieve fractionated (<10 µm, 10–20 µm and 
20–40 µm) and each fraction examined separately. The results of all 
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fractionations were similar with regard to general trends with increasing 
maturation. The amorphous fraction (<10 µm) released the highest amount 
of aliphatic compounds at all thermal maturity levels. In summary, this 
study indicated that invasive and non-invasive methods are suitable for 
bulk and spatially resolving analyses of fossil macromolecular materials 
and their combination provided comprehensive information about the 
chemical composition of the sample material. 
The high potential of La-Py–GC/MS as a spatially resolving and time 
efficient pyrolysis method for the analysis of tiny particles was shown in 
the first part of this study. However, the energy of the laser beam is quite 
difficult to control and the final temperature difficult to determine. 
Therefore, six biomacromolecules of different chemical composition, 
geological age and thermal maturity were subjected to La-Py–GC/MS and 
CP-Py–GC/MS. The main objective was to obtain information about the 
comparability of both methods and to estimate the temperature of the 
laser beam. The qualitative composition of the pyrolysates was similar in 
both methods, whereas La-Py–GC/MS released shorter aliphatic chains. 
Some samples showed linear trends of the relative composition with 
increasing pyrolysis temperature. Here, the laser-temperature was 
estimated to be higher than the highest Curie-temperature applied in this 
study (920 °C). All in all, La-Py–GC/MS is a suitable method for the 
analysis of highly mature and/or mainly aromatic materials, whereas for 
extant or immature materials CP-Py–GC/MS is more recommended.  
In the third part, three synthetic polymers that are commonly used in 
drilling fluids were examined to identify specific marker substances for 
the identification of contamination caused by drilling activities. Reference 
materials of the main constituents of these drilling fluids (CMC, HEC, 
PAA) were analysed to detect potential indicators. Then, seven drilling 
fluids were pyrolysed to retrieve the previously identified compounds. All 
substances were detected in the corresponding drilling fluid. Afterwards, 
15 drill cuttings, with no information about the applied drilling fluid(s), 
were analysed. There was no evidence for the use of one of the drilling 
fluids analysed in the present study but spiking experiments proved their 
traceability. 
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1. Introduction 
 
 
1.1 Organic macromolecules 
Organic macromolecules occur in all organisms in the living world. They 
consist, as the name suggests, of a great number of atoms. Life would not 
be possible without natural macromolecules as they build up the DNA 
(deoxyribonucleic acid), form the molecular framework (cellulose and 
lignin) and energy reservoir (starch) of plants. Polysaccharides (or 
carbohydrates) such as cellulose or chitin and lignin form the main 
compounds of the biosphere. Other important biopolymers are proteins 
and waxes.  
When an organism, plant or animal, dies, its residues are subjected to 
various abiotic and biotic transformation processes (decomposition, 
remineralisation). Some natural polymers possess higher stabilities than 
others and, therefore, higher preservation potentials. Cellulose and 
proteins are thermally and/or biologically decomposed much faster than 
lignin, sporopollenin, cutan, amber and algaenan which are rather stable 
(Tegelaar et al., 1989). Nevertheless, even highly stable polymers run 
through thermal alteration processes changing the original polymer 
structure during exposition to heat and pressure as they occur during 
geological burial, i.e. diagenesis and catagenesis. In general, thermal 
alteration initiates various trends in the chemical composition of a natural 
polymer, e.g. increasing aromaticity and enhanced condensation of 
aromatic rings and a decrease in oxygen-containing compounds with 
thermal maturity (Tissot et al., 1971, Tissot and Welte, 1984, Schenk et al., 
1990). Some molecular compounds show little or no change in structure 
compared to their parent organic molecules in living organisms. These so 
called biomarkers can serve as indicators for specific organisms or 
environmental conditions during their deposition and diagenesis (burial). 
Introduction 
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More detailed information on biomarkers is published by Peters et al. 
(2005).  
Another group of macromolecules are synthetic polymers. Since the late 
19th century there are manmade synthetic polymers contributing to the 
group of organic macromolecules. For example celluloid (1870s) as a semi-
synthetic plastic (cellulose nitrate and camphor) was used for film material 
or to replace ivory in billiard balls. Today, it is widely used for table tennis 
balls or combs. Two other examples of very important synthetic plastics, 
both invented in the 1930s, are acrylic glass (poly (methyl methacrylate) 
and nylon (polyamide).  
Synthetic polymers are manufactured in enormous quantities and 
applied in numerous products. They serve as flocculants in waste water 
treatment processes, stabilisers or thickening agents in food industries but 
also as borehole stabilisers and lubricants in drilling activities. 
In industrial processes polymerisation is performed either by chain-
growth polymerisation or condensation polymerisation. Chain-growth 
polymerisation is a technique where unsaturated monomer units are 
added onto an active site of a growing polymer chain.  Polymers formed 
by this reaction are e.g. polyethylene (PE), polypropylene (PP) or 
polyvinyl chloride (PVC). Polymerisation by condensation reactions is 
reached when molecules join together, accompanied by the loss of small 
molecules as by-products (e.g. water or methanol). Typical representatives 
of condensation polymerisation are nylon (PA) and polyesters. 
 
1.2 Methodologies for the characterisation of 
macromolecules 
The identification and characterisation of polymers is quite challenging 
since they possess a high molecular mass and a low boiling point. This 
difficulty in vaporisation processes and the high molecular weights make 
a direct application of chromatographic separation experiments by, e.g. 
gas chromatography or liquid chromatography unsuitable. However, 
there are various analytical methods to overcome this obstacle. Some of 
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those methods are presented in the following chapters (based on 
Northcott and Jones (2000). 
 
1.2.1 Non-invasive methods 
Spectroscopy, in general, is a widely used non-invasive analytical method. 
There are various instrumentations available depending on the scientific 
question to be answered. Here, two commonly applied methods are 
introduced.  
 
Fourier transform infrared spectroscopy (FTIR) and micro-Fourier 
transform infrared spectroscopy (µ–FTIR) 
 
IR has been used since the 1950s to analyse the structure of organic 
materials with infrared dispersive instruments (Lis et al., 2005). However, 
it was not until the Fourier transformation was developed in the 1980s that 
the whole spectrum was possible to be detected with an interferogram. 
This makes use of the whole intensity of the IR light source which 
improved significantly the signal-noise ratio and detection limits. 
Furthermore, the analyses can be performed much faster than in 
conventional spectrometers (0.3 min instead of 10 to15 min). Due to its 
high sensitivity and velocity the coupling of gas chromatograph and IR 
spectrometry was now possible and is nowadays widely applied.  A more 
detailed description about the function and construction of infrared 
spectroscopes in general is given by Hesse et al. (2011). 
FTIR is a very important technique to identify and determine the 
chemical structure of various natural and synthetic components, i.e. coals 
(Mastalerz and Bustin, 1993, Iglesias et al., 1995) kerogens (Schenk et al., 
1990, Ganz and Kalkreuth, 1991, Guo and Bustin, 1998, Lis et al., 2005) and 
synthetic polymers (Wu and Fan, 2008, Pühse et al., 2010). Molecular 
vibrations and rotations of atoms in a molecule are induced by the 
absorption and desorption of infrared light radiation. The obtained 
spectrum provides evidence at the molecular level for the binding 
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mechanisms by measuring the relative intensity of the IR absorption 
bands. Many functional groups show characteristic vibrations that 
correspond to absorption bands in defined areas of the IR-spectrum. FTIR 
can be employed for both qualitative and quantitative analyses, whereas 
its qualitative applications are by far the more important (Northcott and 
Jones, 2000).  
µ-FTIR as a spatially resolving method is widely applied to obtain 
information on specific particles within a heterogeneous matrix or parts of 
a larger structure. Many studies using µ-FTIR were published about 
macerals in coals, e.g. (Lin and Ritz, 1993, Mastalerz and Bustin, 1993) or 
individual (hand-picked or in situ) palynomorphs (Yule et al., 2000, 
Marshall et al., 2005, Steemans et al., 2010).  For this method, the FTIR 
spectrometer is coupled to a microscope to focus individual parts or 
particles of a heterogeneous matrix.  
 
Nuclear magnetic resonance (NMR)  
 
NMR was first observed by two research groups independently, Purcell 
(Harvard) and Bloch (Stanford), who 1952 shared the Nobel Prize for 
physics. The first commercial NMR spectrometers were available since the 
late 1950s. Afterwards, numerous research groups invented further 
improvements for better and more precise application possibilities. 
Nowadays, NMR is widely applied as a powerful non-destructive method 
for the structural characterisation of complex liquid and solid 
geochemical, geological and synthetic polymers. In soil sciences a 
combination of cross polarisation (CP) and magic angle spinning (MAS) 
on solid materials is widely applied. The application of 13C-labelling are 
useful techniques of examining the covalent and non-covalent interactions 
of specific molecules and natural organic macromolecular materials 
(Northcott and Jones, 2000). Solid-state 13C-NMR was also used for the 
analysis of various biomacromolecules, e.g. source rocks (Miknis et al., 
1993), fossil and extant spore walls (Hemsley et al., 1996), plant cuticles 
(Nip et al., 1986) and cutan extracted from leaf cuticles (McKinney et al., 
1996). Saalwächter and Reichert (2010) performed experiments by NMR 
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on intact solids or solution-state polymers to provide detailed information 
about the internal chemistry and interactions of various synthetic 
macromolecules.  
 
 1.2.2 Invasive methods 
Samples analysed by invasive methods are destroyed and cannot be 
further used. However, the information obtained is much more specific 
than that from non-invasive methods. Also a combination of the results of 
both mechanisms is useful to obtain a broad spectrum of information. 
Invasive methods are widely applied in geo-, and soil-sciences.  
 
Fundamentals 
 
Pyrolysis (Greek pyro: “fire”, lysis: “separating”) as a thermochemical 
decomposition method has a long history. Wood was probably the first 
material pyrolysis was applied to (Goldstein, 1981) . Even the ancient 
civilisations of the Greeks, the Chinese and the Egyptians made use of this 
method to obtain charcoal by wood carbonisation. Furthermore, the 
condensable residues (distillates) were utilised for embalming purposes 
and for filling joints in ships (Tiilikkala et al., 2010). Today, pyrolysis is 
widely used in different areas of application, e.g. production of charcoal, 
coke, carbon fibres and ceramics as well as decomposition and recycling of 
natural and artificial polymers, etc.  
Pyrolysis, especially flash pyrolysis, as an analytical method to get 
insight into the chemical structure of macromolecular substances has its 
roots in the late 19th century. In 1862, Williams reported the formation of 
isoprene during heating of rubber (Williams, 1862). Nowadays, analytical 
pyrolysis is commonly applied in various fields. A bibliography by 
(Wampler, 1989) lists approx. 500 research works in the area of e.g. 
geochemical, environmental, food, forensic and biochemical analyses and 
Blazsó (1997) published a review containing over 150 papers just about 
analytical and applied pyrolysis of polymers. A crucial feature of flash 
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pyrolysis is the rapid and reproducible heating rates and final 
temperatures. 
The induction of thermal energy to a macromolecular substance leads 
to cleavage of the chemical bonds and creates smaller stable fragments. 
Hereby, the applied energy, controlled by the pyrolysis temperature, the 
time and the heating rate, can be reckoned as equivalent to the relative 
strength of the bonds between its atoms. The performance in an inert 
atmosphere prevents a chemical alteration of the resulting pyrolysis 
products (pyrolysate). The analysis of the resulting fragments provides 
more information about the original larger molecule. Therefore, the 
pyrolysis instrument is either directly (on-line) coupled to a detector 
system (MS or FTIR) or the resulting pyrolysates are first entrapped in 
cooled solvent and analysed after further processing (off-line). However, 
the most powerful analysis is obtained by combination of 
chromatographic separation and mass spectrometry (Greenwood and 
Sherwood, 1995). The abundance of flash pyrolysis increased rapidly with 
the introduction of fused silica GC columns (Dandeneau and Zerenner, 
1979). As modern mass spectrometers are ideal detectors for gaseous 
products (i.e. pyrolysates) and due to their high-sensitivity, an application 
of pyrolysis in environmental, forensic and microbiological fields is now 
possible and widely used. Even traces of additives, i.e. plasticisers or 
antioxidants are able to be identified (Wampler, 2007). 
 
Curie Point-pyrolysis–gas chromatography/mass spectrometry (CP-Py–
GC/MS) 
 
Curie Point-pyrolysis–GC/MS is a flash pyrolysis method. It was first 
introduced in 1964 by Giacabbo et al. (Giacobbo and Simon, 1964). The 
pyrolysis mechanism is based on the ballistic heating (20–30 ms) of a 
ferromagnetic metal crucible or wire to its Curie Point (TC) (named after 
Pierre Curie, who showed that magnetic properties of a metal change at a 
certain temperature) (Nobel Media AB, 2013). TC is defined as the 
temperature at which a ferromagnetic metal or metal alloy becomes 
paramagnetic. The induction coil within the pyrolysis oven induces an 
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electric current to the metal crucible. This current heats the metal up to its 
specific TC. As the metal turns paramagnetic at this temperature the 
heating is stopped abruptly and the temperature is kept stable. As soon as 
the current stops the material is not heated anymore and the crucible cools 
down to the surrounding oven temperature. The Curie temperature is 
alloy specific and very accurate. Wires, coils and crucibles covering 
approx. 20 metal alloys with TC ranging from 160 to 1040 °C can be 
obtained commercially. 
The metal crucible or wire containing the sample material is placed in a 
modified quartz liner which is introduced into the heated pyrolysis 
chamber. The heating prevents a condensation of the pyrolysates on the 
glass liner.  
A great advantage of this method is its reproducibility due to the 
physical properties of the metal alloy leading to a precise control of 
temperature and the very fast heating rate. Meuzelaar et al. (1982) 
provided a whole chapter about reproducibility of CP-Py which was also 
demonstrated by Stankiewicz et al. (1998) who analysed 16 synthetic and 
natural polymers and confirmed a significant degree of reproducibility. 
Furthermore, only 0.3 to 0.8 mg of sample material is needed to obtain 
significant results. However, there is no possibility for a stepwise heating 
and the dependence on the provided metal alloys does not allow varying 
the pyrolysis temperature freely. Also the application of larger sample 
amounts (> 15 mg) due to, e.g. low total organic carbon content in soils or 
sediments is not possible. In such cases, filament or off-line-pyrolysis 
would be a better option.  
 
Laser-pyrolysis–gas chromatography/mass spectrometry (La-Py–GC/MS) 
 
A relatively new and not widely available analytical method is laser-
pyrolysis–gas chromatography/mass spectrometry (La-Py–GC/MS). It 
combines the spatial resolution of a microscope with the directional heat 
source of a laser instrument (Greenwood et al., 1998). This method uses a 
focussed laser beam coupled to a microscope that can be applied to target 
specific specimens without prior separation or may be used to target 
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individual, physically recognisable, entities of larger specimens or 
heterogeneous rock samples in situ. Hanson, Vanderborgh and co-
workers were the pioneers of on-line laser pyrolysis GC/MS (Hanson et al., 
1975, 1976, 1977, Vanderborgh et al., 1982). They applied powdered coal 
samples in a quartz tube which was directly interfaced to the GC column. 
Greenwood et al. gives very detailed insights into the development of 
micropyrolysis (Greenwood et al., 1993) and an overview of a variety of 
lasers used in analytical micropyrolysis (Greenwood, 2011).  
The most important parameters to regulate the intensity of the laser 
beam are the energy and the duration of the irradiation. The impact of the 
laser energy results in craters of different depths and shapes, depending 
on the sample material and laser energy. The depths and diameter of the 
laser etched craters are directly influenced by laser energy. Thereby, the 
likelihood of secondary transformations (e.g. sample charring or coking) 
will increase with more severe laser conditions. However, char can be 
formed even at low laser energy and short duration of irradiation due to 
transformation and coking of sample molecules. It represents the solid 
residue (i.e. products unable to escape the surface) (Greenwood et al., 
1996) and its subsequent analysis is to be avoided where possible (Stout, 
1993).  
A main advantage of La-Py–GC/MS is the high spatial resolution 
providing the possibility to analyse specific components in situ within a 
heterogeneous matrix without prior separation. Furthermore, only very 
small amounts of sample material are needed to obtain significant results. 
However, the laser energy is very intense and cannot be precisely 
regulated. Also a definite prediction about the pyrolysis temperature 
cannot be made as the physicochemical characteristics (i.e. colour, surface 
properties) have a high influence on the penetration of the laser beam. 
Another possibly limiting factor for the use of La-Py–GC/MS is the low 
concentration of pyrolysis products severely challenging the sensitivity of 
the GC/MS system. Not only the fact that the pyrolysis yield is quite low 
but also the transfer from the pyrolysis chamber to the GC inlet poses 
difficulties to the success of the analyses due to possible cold spots within 
the transfer system. However, the sensitivity of the MS instruments is very 
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high and, therefore, enables the analysis of tiny amounts of material. 
Nevertheless, if the pyrolysis conditions have to be chosen very 
accurately, e.g. for the analyses of immature materials, the application of 
Curie Point-pyrolysis–GC/MS or filament-pyrolysis-GC/MS is 
recommended. 
 
Off-line-pyrolysis–gas chromatography/mass spectrometry (Off-line-
Py–GC/MS) 
 
Off-line-pyrolysis for qualitative and quantitative analyses is a commonly 
applied and widely used analytical method (Wang et al., 2004, Torri and 
Fabbri, 2009, Antic et al., 2011). It can be performed as a stand-alone 
device of which the pyrolysates can be collected (e.g. in a cold solvent 
trap) for further analyses. This might be useful for samples of which the 
pyrolysates of many pyrolysis repetition analyses have to be accumulated 
to obtain significant amounts of pyrolysate. Derivatisation of the 
pyrolysates is a common practise which can be done by the addition of, 
e.g. N,O-bis(trimethylsilyl)-trifluoroacetamide (BSTFA) to the collected 
material before analysis to obtain trimethylsilyl (TMS) derivates of polar 
substituents, i.e. alcohols or acids (Moldoveanu and David, 2002).  
The main advantage of the off-line pyrolysis method is the variability of 
the heating rate and the final pyrolysis temperature. Also higher amounts 
of sample materials can be analysed due to the possibility to accumulate 
the pyrolysate in repetitive pyrolysis experiments in a cold solvent trap. 
Additionally, further processing of the entrapped pyrolysates by, e.g. 
derivatisation processes can be performed. On the other hand, this further 
treatment may cause loss or contamination of the pyrolysates. Therefore, 
for the analyses of very small amounts of sample material the application 
of Curie Point-pyrolysis–GC/MS or, for spatially resolving measurements, 
laser-pyrolysis–GC/MS are better options.  
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Thermochemolysis with TMAH 
 
The following is based on (Challinor, 2001) and references therein.  
 
Pyrolysis in presence of tetramethylammonium hydroxide (TMAH) is 
commonly applied for the analysis of natural (e.g. kerogen, coals, 
palynomorphs) and synthetic (plastics, synthetic resins, dyes) polymers. 
The mechanism leading to the cleavage of macromolecules and 
subsequent methylation of resulting polar components (i.e., carboxylic 
acids and hydroxyl moieties) should be better named as “thermally 
assisted hydrolysis and methylation” (THM). THM clearly describes the 
order of the reactions, namely a first hydrolysis scission of ester and ether 
bonds at high temperatures due to presence of the strongly basic TMAH 
(“thermally assisted hydrolysis”). The formed TMAH salts undergo 
thermal fragmentation to the respective methyl derivatives 
(“methylation”). Nevertheless, the term “thermochemolysis” is at least as 
frequently used. 
 
 
Figure 1.1: Chemical degradation mechanism of TMAH 
thermochemolysis; A–B represents the hydrolysable analyte 
molecule (Challinor, 2001). 
 
 
1. Hydrolysis
OH– + A–B A– +     B–OH
2. Formation of tetraalkylammonium salts
A– + R4N
+OH– R4N
+A– +     OH–
B–OH   + R4N
+OH– R4N
+OB– +      H2O
3. Thermal dissociation to alkyl derivatives
R4N
+A– AR +      R3N
R4N
+OB– BOR +      R3N
Introduction 
 
 
 
11 
Chemical degradation mechanisms 
 
Chemical degradation is used to cleave macromolecular materials into 
smaller, GC-amenable, compounds by treatment with specific chemicals. 
This can be performed by different methods, e.g. acidic and alkaline 
hydrolysis, boron tribromide-cleavage, etc. Alkaline hydrolysis enables 
cleavage of ester and amide bonds, resulting in the generation of 
carboxylates and alcohols (from esters) and carboxylates and amines (from 
amides). Boron tribromide cleaves ether bonds into bromides and 
alcohols. More detailed information and reaction mechanisms on both 
kinds of chemical degradation are given by (Richnow et al., 1994, 
Kronimus and Schwarzbauer, 2007a).  
Chemical degradation techniques can be applied in different scientific 
fields to characterise various organic geomacromoecules, e.g. kerogens 
(Barakat and Yen, 1988, Richnow et al., 1992) and soils (Almendros and 
González-Vila, 1987) or xenobiotics in bound residues (Riefer et al., 2013).  
 
1.3 Analytical methods used in the present study 
As mentioned above, pyrolysis and spectroscopic analyses can be 
performed by different kinds of devices of which each one has its own 
advantages and disadvantages. The following chapters describe in detail 
the two infrared spectroscopic apparatuses and the three pyrolysis 
instruments applied in this study.  
 
1.3.1 FTIR and µ-FTIR 
The instrument applied in the present study for the bulk FTIR analyses 
was a Nicolet 505P FTIR spectrometer. The µ-FTIR analyses were carried 
out at the Federal Institute for Geosciences and Natural Resources, 
Hannover, Germany. The measurements were performed with a Thermo 
Nicolet continuum IR microscope coupled to a Nexus spectrometer. For 
both instruments, data processing was performed using OmnicTM. 
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1.3.2 CP-Py–GC/MS 
The apparatus used in this study was a FISCHER Curie Point pyrolyser 
(GSG CPP 1040 PSC) that was mounted on top of the split/splitless injector 
of a Fisons 8065 gas chromatograph connected to a Thermoquest MD 800 
mass spectrometer. Fig. 1.2 shows a schematic diagram of the pyrolysis 
instrument applied. The GC-interface was maintained at 250 °C with a 
heating ribbon. Chromatography was carried out on a 30 m fused silica 
non-polar column (Zebron ZB-5 (5% phenyl, 95% dimethylpolysiloxane), 
0.25 mm inner diameter, 0.25 µm film thickness) with He gas at constant 
pressure. A cryofocussing trap (-70 °C), consisting of a loop of the GC 
column immersed in ethanol cooled with card ice, was installed directly 
behind the injector. The trap was removed at the commencement of the 
GC/MS analysis. The oven programming was attuned to each analytical 
question and each sample material, respectively. The MS parameters 
included a source temperature of 200 °C, 70 eV EI ionisation and a scan 
range of m/z 35-550. The data was processed using Xcalibur® and 
MassLibTM. 
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Figure 1.2: Schematic diagram of the FISCHER Curie Point-pyrolysis 
instrument applied in the present study. 
 
1.3.3 La-Py–GC/MS 
The analyses in the present study were carried out on a modified version 
of the original instrumentation of an apparatus described in detail by 
Greenwood et al. (1993, 1996, 1998). Fig. 1.3 shows a schematic illustration 
of the instrument including laser, microscope, inlet system and GC/MS 
configuration  
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Figure 1.3: Schematic diagram showing the laser micropyrolysis 
instrumentation (modified after Greenwood et al. (1996)). 
 
In brief, the sample material was transferred onto a 6 mm diameter glass 
slide which was placed into a heated (100 °C) and helium flow through 
(100 mL/min) pyrolysis chamber. The Nd:YAG laser, coupled to a 
Olympus BX60M microscope, focussed the sample material through a 
glass window (diameter = 18 mm, thickness = 1 mm) on top of the 
chamber. The use of an appropriate magnification (10x, 20x or 50x 
objectives with working distance of 8.1 – 11 mm) is recommended. It was 
assured that the laser beam is not focussed on a laser etched crater to 
prevent misinformation about the sample material. The resulting 
compounds were transferred with the use of a Valco 6-port, 2-position 
manual switching valve into two, consecutive cold traps immersed in 
liquid N2 and, following, to the GC/MS apparatus (Fig. 1.4).  
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Figure 1.4: Position of the 6-port gas valve and the resulting gas flow 
direction in the sampling mode and the analysis mode. 
 
The hardware in contact with the pyrolysates was heated to prevent 
condensation. The GC instrument (Agilent 6890) was interfaced to a 
quadrupole mass spectrometer (MSD 5973). The chromatographic 
separation was performed on a 60 m fused silica column (DB-5MS, J&W 
(5% phenyl, 95% dimethylpolysiloxane), 0.25 mm inner diameter, 0.25 µm 
film thickness) with He carrier gas at constant pressure. The second cold 
trap, cooling of a loop of the GC column, was removed at the 
commencement of the GC/MS analysis. MS parameters were: 70 eV EI 
ionisation; source temperature 250 °C; full scan analysis (m/z 50-550). The 
data was processes with MSD ChemStation©. 
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1.3.4 Off-line-Py–GC/MS 
The instrument used in the present study was a Carbolite® MTF 10/15/130 
wire wound single zone tube furnace. The sample material was put in an 
oblong ceramic vessel of 50 mm length which was placed in a 130 mm 
long quartz tube. The sample was purged within the tube and pyrolysed 
afterwards under constant nitrogen flow (30 mL/min). The pyrolysate was 
entrapped in a cold solvent trap (-70 °C) and analysed after dehydration 
(by adding Na2SO4) by GC/MS. The instrument used was a GC Hewlett 
Packard 5890 equipped with a non-polar capillary column (Zebron ZB-1, 
30m, 0.25 mm inner diameter, 0.25 mm film thickness) coupled to a 
Finnigan MAT 95 mass spectrometer (200 °C source temperature, 70 eV EI 
ionisation, scan range m/z 35-700). The data was processed using Xcalibur® 
and MassLibTM. 
 
1.4 Pyrolysis degradation mechanisms 
The following section is based on Moldoveanu (1998, 2010) and Wampler 
(2007).  
 
Thermal cracking is a very complex process leading to the formation of 
different products. Thereby, pyrolysis cleavage may occur simultaneously 
or sequentially. Polymers tend to crack the primary produced pyrolysis 
products into smaller compounds as the pyrolysates of the initial 
decomposition pass through further cleaving processes under influence of 
ongoing heating, even in an inert gas phase or vacuum. Catalysts are used 
to influence to composition of the pyrolysates.  
In spite of the high complexity of the pyrolysis reactions there is still the 
possibility to obtain information on the chemical composition of the 
parent compound. Some cleavages of specific bonds are quite well 
predictable due to their lower stability. These occur due to the relative 
strengths of the chemical bonds between the atoms within the 
macromolecular material. In general, stable molecules containing strong 
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bonds need higher pyrolysis temperatures to initiate cleavages than 
weaker bonds which crack at lower energies. However, the connection of 
the pyrolysis products and the original structure is less significant the 
smaller the formed molecules are. Therefore, for analytical purposes, the 
pyrolysis parameters have to be chosen very precisely to prevent cracking 
into too many small, more unspecific compounds. 
There are different reaction types depending on the complexity of the 
whole molecule that can occur during pyrolysis. Some of those are: 
elimination reaction (α-, β-, 1,3- and 1,n-elimination), fragmentation 
reactions (fragmentations, retro-ene reactions, retro-Diels-Alder 
condensations, etc.), rearrangements (1,2-migrations, electrocyclic 
rearrangements, etc.) and others.  
The following briefly introduces some of the pyrolytic cleavage 
reactions. More detailed insights into the mechanisms and further reaction 
types are given by Moldoveanu (1998, 2010) .  
 
1.4.1 Elimination reactions 
In organic chemistry there are different types of elimination reactions 
known. These are referred to as E1 and E2 where “E” stands for 
elimination, “1” for unimolecular and “2” for bimolecular. In the E1 
reaction the base or nucleophil does not have to be involved whereas in E2 
the base or nucleophil must be part of the mechanism by pulling the 
proton. The loss of the leaving group and the removal of the proton 
happen successively during E1 reactions but concerted in E2 mechanisms 
(Clayden et al., 2000).  
The following shows two schematic reaction mechanisms for both types 
of elimination (after Clayden et al. (2000)). 
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In the E1 mechanism, the reagent loses an X- group to form a carbocation. 
In a next step a proton is lost to a (Lewis) base. In the E2 mechanism a 
proton is pulled by the base and the X- group departs simultaneously. 
During pyrolysis elimination is a common reaction, which probably 
dominates most pyrolysis processes. However, typical E1 and E2 reactions 
are not common in pyrolysis in gas phase (Moldoveanu, 2010). As 
pyrolysis does not need any further reagents but thermal energy (except 
for catalytic reactions, which are not discussed in this study) Moldoveanu 
(2010) named this type of elimination reaction “Ei” mechanism where “i” 
stands for internal. Ei mechanisms were also described by March (1985) as 
concerted reactions with syn elimination that involve a cyclic transition 
state, which may be four-, five- or six membered. The cleavage is not 
restricted to specific positions and therefore difficult to predict. Especially 
molecules with bonds of similar strengths cleave randomly, i.e. alkane 
chains. Elimination reactions can be classified by the position of the atoms 
involved as α–elimination, β-elimination, 1,3-eliminations etc.  
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α–Elimination 
 
α–Eliminations involve two leaving groups released from the same carbon 
atom. The formation of a highly reactive carbene is typical in this reaction 
type. The following shows an exemplary α- elimination: 
 
 
 
β–Elimination 
 
β–Eliminations are the most common elimination reactions in pyrolysis by 
which two groups are lost from adjacent atoms. This reaction commonly 
involves an Ei mechanism (ring transition state and loss of two vicinal 
groups in syn positions). An example is given here: 
 
 
The two groups (here one H) leave synchronously and form a new 
molecule over a hexagonal ring transition state. The elimination takes 
place in a syn position, a characteristic of the Ei mechanism.  
 
Introduction 
 
 
 
20 
1.4.2 Fragmentation reactions 
In fragmentation reactions a molecule (e.g. A–B) is cleaved into two parts: 
A and B. The bonds between the fragments are rearranged. This cleavage 
leads to the formation of either ions or radicals.  
One type of fragmentation is known as Grob fragmentation, named for the 
Swiss chemist C.A. Grob. In this case, a neutral, aliphatic, chain is broken 
into three fragments: a positive ion (the “electrofuge”), an unsaturated 
neutral fragment spanning positions 3 and 4 and a negative ion (“the 
nucleofuge”) comprise the rest of the chain. The positive ion may be a 
carbonium or acylium ion, the neutral fragment an alkene, or imine, and 
the negative fragment a tosyl or hydroxyl group. As an example, the 
fragmentation can be written schematically as follows:  
 
 
 
The formed radicals further react with other ions to build stable 
molecules. This mechanism can be concerted or occur as a two step 
process in which the order of the leaving fragment (electrofuge or 
nucleofuge first) is the decisive factor for the formed transition state 
products.  
 
Another important fragmentation reaction is retro-ene-reaction (reverse 
hydro-allyl addition), shown in an example of a hexacyclic system: 
 
 
 
The thermal decomposition takes place with the formation of ethyl and 
allyl radicals, which further generate ethene and propene.  
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Also allylic ethers and allylic esters undergo such reactions, releasing 
aldehydes or ketones. This reaction is common when substituents R’ and 
R’’ are long alkyl chains: 
 
 
 
1.4.3 Rearrangement reactions 
Rearrangements are common during pyrolysis following eliminations 
(mainly when radicalic mechanisms are involved) and fragmentations. 
Rearrangement mechanisms take place when a group migrates from one 
atom to another within the same molecule. There are several types of 
rearrangement reactions known (e.g. electrocyclic, sigmatropic, 1-2-
migration), whereby the 1,2-migration is common for aryl, vinyl, acetoxy 
and halogen groups. 
The following shows a 1,2-shift with a methyl migration during alcohol 
pyrolysis with water elimination, provided that the β-carbons to the OH 
group contain no hydrogen  (Moldoveanu, 2010):  
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1.5 General objectives and approaches – Overview of the 
present study 
 
1.5.1 Major objectives 
The analytical methods described in chapter 1.3 were applied to a wide 
range of natural and synthetic polymers. The main objectives were to get a 
better understanding of (i) the changes in chemical composition of 
palynomorphs and the corresponding kerogen concentrates during 
thermal maturation processes and the comparability of non-invasive and 
invasive analytical methods, (ii) the variation in the composition of the 
pyrolysates of numerous, extant and fossil biomacromolecules by 
pyrolysis at different temperatures and the applicability of La-Py–GC/MS 
for the analysis of natural polymers of different thermal maturities and 
(iii) the suitability of synthetic polymers as indicator compounds for 
environmental contaminations originating from drilling activities.  
The following shortly introduces the contents of chapters two, three and 
four. 
 
1.5.2 Thesis overview 
CHAPTER 2: Micro- and macro analytical methods including 
spectroscopic and pyrolysis instruments were applied to sieve-
fractionated kerogen concentrates as well as to hand-picked bisaccate 
pollen (from the same kerogen). The focus was set on the comparability of 
the results of spectroscopic and pyrolytic analyses as well as the results of 
micro- and macro analyses. Both spectroscopic analyses (FTIR and µ-
FTIR) showed defunctionalisation with ongoing maturity and an 
increasing trend in aliphatics at lower stages of maturity, followed by 
increasing aromatisation. The ratio of aliphatics to aromatics was quite 
similar in both invasive methods (CP-Py- and La-Py), whereas the results 
differ significantly with respect to sulphur compounds.  La-Py–GC/MS 
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results matched well with the ones obtained by µ-FTIR analyses, e.g. loss 
of oxygen-containing structures during maturation and increasing 
aliphatic/aromatic ratio at early stages of maturity. The results of CP-Py–
GC/MS and FTIR were interpreted comprehensively, particularly with 
regard to the results of the three different sieve fractions of the kerogen 
samples. However, they showed partly noticeable differences.  
Chapter 2 is published as “al Sandouk-Lincke, N.A., Schwarzbauer, J., Volk, 
H., Hartkopf-Fröder, C., Fuentes, D., Young, M., Littke, R., 2013. Alteration of 
organic material during maturation: A pyrolytic and infrared spectroscopic study 
of isolated bisaccate pollen and total organic matter (Lower Jurassic, Hils 
Syncline, Germany). Organic Geochemistry 59, 22–36.”  
 
CHAPTER 3: Six different, extant and fossil, biomacromolecules were 
analysed by CP-Py–GC/MS and by La-Py–GC/MS. CP-Py–GC/MS was 
performed at various pyrolysis temperatures and the obtained 
composition of the pyrolysates evaluated with the objective to determine 
the optimal pyrolysis temperatures which provided a high yield of 
characteristic pyrolysis products. The application of La-Py–GC/MS as a 
spatially resolving method was assessed by the comparison of the results 
with those obtained from CP-Py–GC/MS. Mainly aliphatic and/or 
immature samples released specific pyrolysis products at low to medium 
pyrolysis temperatures whereas biomacromolecules consisting of mostly 
aromatic frameworks were only analysable at higher pyrolysis 
temperatures. For those materials the application of La-Py–GC/MS is 
recommended. 
Chapter 3 is published as “al Sandouk-Lincke, N.A., Schwarzbauer, J., Volk, 
H., Hartkopf-Fröder, C., Fuentes, D., Young, M., Littke, R., 2014. The effect of 
different pyrolysis temperatures on organic microfossils, vitrain and amber – A 
comparative study between laser assisted- and Curie Point- pyrolysis –gas 
chromatography/mass spectrometry. Journal of Analytical and Applied Pyrolysis 
107, 211-223.” 
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CHAPTER 4: Off-line-Py–GC/MS was applied to three widely used 
drilling fluid additives (CMC, HEC and PAA) to develop an indicator 
system for the detection of contaminations in environmental samples 
caused by drilling activities. Potential indicator compounds for each 
polymer were identified, respectively. Results obtained from modified 
cellulose-based polymers (CMC and HEC) were negative-proofed with 
pure cellulose in order to prevent false-positive results. These indicator 
systems were applied to drill cutting samples to indicate the use of one of 
the previously analysed polymers.  
 
1.6 Additional works 
For the two below-listed publications I performed a major part of 
analytical work and qualitative and quantitative data interpretation: 
 
Botalova, O., Schwarzbauer, J., al Sandouk, N., 2011. Identification and chemical 
characterization of specific organic indicators in the effluents from chemical 
production sites. Water research 45, 3653-3664.  
 
Dsikowitzky, L., Botalova, O., al Sandouk-Lincke, N.A., Schwarzbauer, J., 2014. 
Identification of specific organic contaminants in different units of a chemical 
production site. Environmental Science: Processes and Impacts 16, 1779-1789. 
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2 Alteration of organic material during 
maturation: a pyrolytic and infrared 
spectroscopic study of isolated bisaccate 
pollen and total organic matter (Lower 
Jurassic, Hils Syncline, Germany) 
 
 
A B S T R A C T  
Six samples of Lower Jurassic mudstones (uppermost Pliensbachian, 
uppermost Lias δ) from boreholes drilled at the southwestern rim of the 
Hils Syncline (Lower Saxony Basin, NW-Germany), covering a thermal 
maturity series ranging from immature to overmature, were analysed to 
gain insight into the chemical structure and alteration of bisaccate pollen 
during maturation and the differences in results of various analytical 
methods. Laser-pyrolysis–gas chromatography-mass spectrometry (La-
Py–GC/MS) and micro-Fourier transform infrared (µ-FTIR) spectroscopy 
applied on handpicked bisaccate pollen, and Curie Point-Py (CP-Py–
GC/MS) and FTIR spectroscopy applied to sieve-fractionated kerogen 
concentrate from the same samples indicated considerable differences in 
composition. Ratios of the main compound groups, e.g. oxygen-containing 
components, aliphatic hydrocarbons and aromatic hydrocarbons, plotted 
vs. maturity showed systematic changes in composition during 
maturation. The study also focussed on the comparability of micro- and 
macro scale spectroscopic and Py methods. The results from FTIR analysis 
and µ-FTIR analysis, as well as those from La-Py–GC/MS showed similar 
trends, e.g. defunctionalisation and increasing aromatisation, which 
mostly agree with common knowledge about the changes in the structure 
of organic matter, whereas the results from CP-Py–GC/MS showed wide 
differences, especially at higher stages of maturity, i.e. a strong increase in 
aliphatic vs. aromatic hydrocarbons. Together, the results indicate that 
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both, IR-spectroscopy and Py-GC/MS are suitable for studying the 
chemical alteration of palynomorphs during maturation and their 
complementary use is recommended for comprehensive characterisation 
of alteration. 
 
2.1 Introduction 
Acid-resistant organic matter (OM) in sedimentary rocks can be visually 
distinguished (Combaz, 1980, Tyson, 1995, Batten, 1996b) into 
palynomorphs (e.g. spores and pollen, dinoflagellate cysts, acritarchs, 
prasinophycean algae, chitinozoans and scolecodonts), structured OM 
(e.g. wood, charcoal, cuticles) and unstructured OM (e.g. amorphous OM, 
resin, solid bitumen). The prominent role of palynomorphs such as algae 
and miospores in the generation of oil and gas has long been noted (Maier 
and Zimmerly, 1924, Trask, 1931, Durand, 1980, Tissot and Welte, 1984, 
Batten, 1996a). Despite this obvious economic importance, the composition 
and structure of many palynomorphs remain poorly understood, largely 
due to their small size and the analytical challenge this poses (e.g. 
Vandenbroucke and Largeau (2007), Salmon et al. (2009)). Present 
knowledge of the composition of sporopollenin in fossil megaspores has 
been recently summarised by de Leeuw et al. (2006). According to their 
study, the megaspore walls consist of aromatic, i.e. cinnamic acids, and 
aliphatic constituents which are sometimes dominant but may not be part 
of the original biopolymer. However, it cannot be excluded that aliphatic 
moieties, originating from low molecular weight plant lipids such as plant 
waxes, may have migrated into and become condensed onto the original 
macromolecule through oxidative cross linking.  
Alteration of the macromolecular composition of palynomorphs during 
maturation is even less well understood. A promising approach was 
published by Yule et al. (2000) who used micro-Fourier Transform 
infrared spectroscopy (µ-FTIR) to evaluate the alteration of sporopollenin 
during maturation and to relate the changes to oil-generation. A 
reflectance µ-FTIR study by Chen et al. (2012) on liptinite in coals at 
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different ranks exhibited the lowest aromaticity as well as the highest 
amount of unbranched aliphatics compared to other maceral groups. The 
overall trends during maturation e.g. increasing aromaticity and enhanced 
condensation of aromatic rings as well as decrease of O-containing 
compounds with higher maturity and an increase in aliphatics vs. C=C 
bands at low rank and decreasing at higher VRr values are similar 
throughout all maceral groups.  
The Hils Syncline in Northern Germany can be regarded as a natural 
laboratory for the maturation of OM, with maturity ranging from ca. 0.5% 
to 1.5% vitrinite reflectance (VRr) along a trend from southeast to 
northwest (Littke and Rullkötter, 1987). However, it is not clear whether 
the strong maturity increase over this quite short distance (ca. 50 km) is 
caused by an igneous intrusion (Buntebarth and Teichmüller, 1979) or is a 
result of deep burial followed by uplift and erosion (Petmecky et al., 1999). 
A wealth of work has been carried out on samples from various research 
boreholes in the area drilled in the 1980s (e.g. Littke et al. (1988, 1991) 
Mann and Müller (1988), Rullkötter et al. (1988), Dieckmann et al. (1998), 
Schenk and Horsfield (1998), Wilkes et al. (1998), Bernard et al. (2012)). 
Bernard et al. (2010) combined pyrolysis (Py) methods (open system Py 
coupled to a gas chromatograph (GC) fitted with a flame ionisation 
detector and laser extraction GC-mass spectrometry (MS)) with 
microscopic analyses (organic petrology, Raman microspectroscopy, 
focussed ion beam milling, scanning transmission X-ray microscopy). 
However, these studies primarily focussed on the shales of the 
Posidonienschiefer Fm (Lower Toarcian, Lias ε). 
In this study we selected bisaccate pollen to investigate the alteration of 
sporopollenin during maturation. Bisaccate pollen is abundant and 
diverse in the uppermost Pliensbachian (uppermost Lias δ) sediments of 
the Hils Syncline boreholes. Jurassic bisaccate pollen comprises numerous 
species and is derived (Balme, 1995, Traverse, 2007) from seed ferns (e.g. 
Caytoniales, Corystospermales) and conifers (e.g. Podocarpaceae, 
Pinaceae). The composition of fossil bisaccate pollen representing a 
complete rank series from below the oil window to the overmature stage 
has not been explored, mainly because of the methodological restrictions 
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of CP-Py–GC/MS, NMR spectroscopy, FTIR-spectroscopy etc., which 
require an enormous number of isolated, handpicked, specimens from the 
bulk kerogen concentrate.  
La-Py–GC/MS, similar to Stout and Lin (1992), Stout (1993), Greenwood 
et al. (1995, 1998, 2001) and Jacob et al. (2007), and µ-FTIR similar to 
Mastalerz and Bustin (1993), Guo and Bustin (1998), Yule et al. (2000) and 
Steemans et al. (2010) were applied to handpicked bisaccate pollen. For 
characterisation of sieve-fractionated kerogen concentrates from the same 
samples, CP-Py–GC/MS similar to Maters et al. (1977), Larter et al. (1978), 
Larter and Douglas (1982), Philp (1982), van Bergen (1999a) and Wampler 
(2007), as well as bulk FTIR (Schenk et al., 1986, Lis et al., 2005) were used. 
The study discusses insights and differences from the analytical results of 
separated palynomorphs and the bulk kerogen concentrates depending on 
various analytical methods. 
 
2.2 Material and methods 
2.2.1 Samples and sample preparation 
The six boreholes penetrated sediments of early Aalenian (Dogger α), 
Toarcian (Lias ε, Posidonienschiefer Fm) and latest Pliensbachian 
(uppermost Lias δ) age (e.g. Mann et al. (1991), Fig. 1a therein). All 
samples come from the uppermost meters of the upper Pliensbachian 
succession (Table 2.1) and from boreholes <50 km apart. Given the 
widespread marine depositional environment in the region during the late 
Pliensbachian we suggest that differences in the composition of bisaccate 
pollen and kerogen largely reflect maturation rather than primary facies 
differences.  
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Table 2.1: Sample characteristics 
Sample  Depth 
(m) 
TOCa 
(%) 
S1b S2c HId 
(mg 
HC/      
g TOC) 
Tmaxe 
(°C) 
VRrf 
(%) 
Wenzen WENZ 54.30 0.84 0.05 1.20 240 425 0.48 
Wickensen WICK 63.45 0.42 0.08 1.17 450 430 0.53 
Dielmissen DIEL 77.60 0.76 0.12 1.88 508 434 0.68 
Dohnsen DOHN 81.60 0.39 0.15 1.29 586 435 0.73 
Harderode HARD 80.60 0.47 0.21 1.64 607 435 0.88 
Haddessen HADD 73.70 0.75 0.20 0.59 168 459 1.45 
a Total organic carbon; b free hydrocarbons (mg HC/g rock); c hydrocarbons 
generated through thermal cracking (mg HC/g rock); d hydrogen index; e 
temperature of the maximum hydrocarbon release from kerogen cracking 
during rock eval pyrolysis; f’ random vitrinite reflectance (values from 
Littke and Rullkötter, 1987). 
 
 
The samples were prepared following standard palynological techniques 
as described by e.g. Batten (1999) and Green (2001). No oxidising solutions 
were applied and samples were not heated during preparation. Standard 
palynological techniques are believed not to alter the composition of fossil 
palynomorphs unless they are very immature (e.g. van Bergen (1999b)). 
The composition of palynomorph assemblages varies depending on the 
grain size fraction. In order to study the chemical composition of different 
kerogen size fractions, the resultant organic residue was sieved with a 10 
µm, 20 µm and 40 µm polyester fabric mesh using the device described by 
Ashraf and Hartkopf-Fröder (1996). The term kerogen concentrate is used 
here for the demineralised sample material even though no solvent 
extraction of the OM was performed, in order to avoid changes to the 
macromolecular composition of the palynomorphs.  
The palynomorph assemblage consists mainly of bisaccate pollen, trilete 
miospores and acritarchs. Bisaccate pollen grains from sediments from the 
Haddessen borehole were very brittle due to their high maturity (1.45% 
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VRr) and could not be recovered in adequate numbers. Attention was paid 
to select clean pollen with no amorphous OM or other organic material 
adhering to the specimens. However, tiny pyrite crystals, too small to be 
detected under the dissecting binocular microscope, may have been 
present inside the bladders of bisaccate pollen. 
Identification of Jurassic bisaccate pollen up to genus level is 
challenging and impossible to perform using a dissecting binocular 
microscope. Hence, we did not target a particular genus but analysed a set 
of randomly chosen bisaccates. Although Jurassic bisaccate pollen 
originates from plants of very distinct systematic position, such as seed 
ferns and conifers, the high number of pyrolysed pollen specimens 
guaranteed homogeneous samples. In addition, µ-FTIR analysis proved 
that miospores from different plant groups varied only slightly with 
regard to functional group composition, while during maturation 
composition changes significantly (Yule, 1998, 2000, Steemans et al., 2010). 
 
2.2.2 La-Py–GC/MS 
For La-Py–GC/MS, 20-50 bisaccate pollen grains from each sample were 
handpicked with a very thin needle from the >40 µm fraction under a 
dissecting binocular microscope and transferred onto a 6 mm diameter 
glass slide, with a small drop of Milli-Q water (Fig. 2.1). After evaporation 
the adhesion of the pollen onto the glass slide was sufficient to prevent the 
grains being swept away by the He flow in the laser chamber. The laser 
pyrolysis products were combined and then measured by GC/MS in a 
single full scan analysis.  
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Figure 2.1:  Bisaccate pollen from 
borehole Wenzen (depth 54,30 m): 
(A) the pollen in the lower left was 
shot twice, the one in the middle 
was not analysed. (B) Bisaccate 
pollen showing two crater-like holes 
caused by the laser shots. 
 
 
 
 
 
 
 
The instrument used was a modified version of the set up described in 
Greenwood et al. (1995, 1998). In brief, samples were pyrolysed using a 
Nd:YAG laser at 1064 nm under a microscope in a custom-built laser 
chamber at ca. 100 °C and flushed with 100 ml/min He. Pyrolysis and 
thermal extraction products were then transferred online to an Agilent 
6890 GC instrument interfaced to a quadrupole MSD 5973 (electron energy 
70 eV, source temperature 250 °C, 0.1 amu resolution) with the use of 
valve switches and two cold traps immersed in liquid N2. Full scan 
analysis (m/z 50 to 550) of the pyrolysates was performed after separation 
on a DB-5MS column (J&W, 60 m, 0.25 mm i.d., 0.25 μm film thickness) 
with He carrier gas at constant pressure. The GC oven was programmed 
from 10 °C (3 min hold) to 310 °C (30 min hold) at 5 °C/min. The laser spot 
size (20 µm to <40 µm) was sample dependent and controlled by adjusting 
the laser power and using appropriate magnification (x20 or x50 long 
working distance). Where multiple shots were carried out on one single 
bisaccate pollen, care was taken to avoid regions already pyrolysed 
(Fig.2.1). Duplicate or triplicate measurements were performed to ensure 
reliability. The composition of the pyrolysis products was analysed by 
integration of relevant extracted ion peak areas. Values were normalised 
by dividing each individual peak area by the sum of all target peak areas 
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2.2.3 CP-Py–GC/MS 
Ca. 1 mg of each sieved total kerogen concentrate fraction from all 
samples was pyrolysed at 650 °C for 10 s using a CP pyrolyser (Fischer 
GSG CPP 1040 PSC) coupled directly to a GC instrument (Fisons 8065) 
connected to a MS instrument (Thermoquest MD 800). A 30 m non-polar 
column (Zebron ZB-5, 0.25 mm i.d., 0.25 µm film thickness) was used. A 
cryofocussing trap (-70 °C) was installed directly behind the injector. The 
GC-conditions were: splitless injection (injector 270 °C), oven temperature 
40 °C (held 3 min) to 310 °C (held 20 min) at 3 °C/min. He was used as 
carrier gas. MS parameters included source temperature 200 °C, 70 eV 
electron impact (EI) ionisation and a scan range of m/z 35-550. Peak 
identification was based on comparison of MS data and retention times 
with those of reference material and mass spectral libraries (Wiley 7th Ed., 
NIST 05). Individual composition was analysed by integration of relevant 
extracted ion peak areas. Values were normalised by dividing each 
individual peak area by the sum of all target peak areas. 
 
2.2.4 Micro- FTIR-spectroscopy  
Individual bisaccates as part of a freeze-dried kerogen concentrate matrix 
were analysed using µ-FTIR -spectroscopy. This work was carried out at 
the Federal Institute for Geosciences and Natural Resources, Hannover, 
Germany. The IR measurements were performed with a Thermo Nicolet 
Continuum IR microscope linked to a Nexus spectrometer. The kerogen 
samples containing bisaccates were placed onto thin KBr pellets. Spectra 
were collected in transmission mode. Background data were collected 
before every sample analysis. The optical resolution was set at 8 cm-1 and 
128 scans were performed for each analysis. Band areas were normalised 
by dividing each band by the summed area of all considered bands (CHaro, 
CHali, C=O, C=C; equivalent to 100%). 
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2.2.5 Bulk FTIR-spectroscopy  
Ca. 5 mg of each sieve-fractionated sample were mixed with KBr and the 
homogenised powder was pressed into thin pellets. IR measurements 
were performed using a Nicolet 505P FT-IR-spectrometer. The optical 
resolution was 8 cm-1 and 512 scans were performed for each analysis. 
Band areas were normalised by dividing each band by the summed area 
of all considered bands (CHaro, CHali, C=O, C=C; equivalent to 100%). 
 
2.2.6 Data processing 
Each sample was measured by FTIR and La-Py–GC/MS at least 2 x to 
probe the qualitative and quantitative stability of the system. CP-Py was 
carried out as single analyses. To make sure that the results from each 
sample measurement were reproducible, a similarity index (SI) was 
calculated for each pair of samples according to  
 
              
                           
  (1) 
 
where SI1 = i = running index; n = standardised data and x,y = data records. 
A score > 0.95 indicates a very high correlation of semi-quantitative values 
and consequently a high pattern similarity. As an example, an overview of 
the calculated µ-FTIR data is given in Table 2.2. Only measurements 
shown to be reproducible above an SI value of 0.95 were used for data 
interpretation. 
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2.3 Results 
2.3.1 Pyrolysis 
La-Py–GC/MS 
 
Analysis of 20 to 50 individual bisaccate pollen grains, respectively, was 
used to gain insight into their alteration during maturation. This technique 
allows a highly selective characterisation. The grains were handpicked to 
minimize the influence of other organic material. Total ion chromatograms 
of representative samples from two maturity levels are shown in Fig. 2.2. 
The most abundant products were aliphatic (alkanes and alkenes with up 
to 15 carbons) and partially alkylated aromatic hydrocarbons (i.e. benzene, 
toluene, xylenes, styrene, naphthalene and methyl naphthalenes). O- or S-
containing products were only minor constituents (e.g. phenol, cresol and 
dimethyldisulfide). 
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Table 2.2: Similarity indices for µ-FTIR data from Eq. (1). Each letter 
signifies one individual bisaccate pollen specimen. 
WENZ_ 0.48 (A) A B E F G H   
A  -   -  -  -  -  -  
B 0.96  -   -  -  -  -  
E 0.68 0.86  -  -  -  -  
F 1.00 0.97 0.72  -  -  -  
G 0.96 1.00 0.85 0.97  -  -  
WENZ_ 0.48 (B) A  B C D E F G 
A  -   -  -  -  -  -  - 
B 0.99  -  -  -  -  -  - 
C 0.95 0.99  -  -  -  -  - 
D 0.94 0.98 1.00  -  -  -  - 
E 0.98 1.00 0.99 0.99  -  -  - 
F 1.00 0.99 0.97 0.96 0.99  -  - 
G 1.00 1.00 0.97 0.96 0.99 1.00  - 
WICK_0.53 A B C D       
A  -  -  -  -    
B 1.00  -  -  -    
C 0.99 1.00  -  -    
DIEL_0.68 (A) A B          
A  -  -      
B 0.98  -      
DIEL_0.68 (B) A B C I J L  
A  -  -  -  -  -  -  
B 0.99  -  -  -  -  -  
C 0.99 0.97  -  -  -  -  
I 1.00 0.98 1.00  -  -  -  
J 0.97 0.94 1.00 0.99  -  -   
L 1.00 0.99 0.99 0.99 0.97  -  
DIEL_0.68 (C) B F          
B  -  -      
F 1.00  -      
DOHN_0.73 C D E        
C  -  -  -     
D 1.00  -  -     
E 0.99 0.99  -     
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Figure 2.2:  La-Py gas chromatograms of bisaccate pollen from two 
samples with random vitrinite reflectance (VRr) of 
WENZ_0.48% (A) and DOHN_0.73% (B). 
 
Various semi-quantitative ratios were calculated and correlated with 
maturity parameters to monitor systematic changes in composition (Fig. 
2.3). However, with respect to the quantitative distribution of individual 
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classes, considerable differences within one sample series were evident as 
shown in Fig. 2.4.  
 
 
 
Figure 2.3: La-Py–GC/MS results: Ratio of aliphatic 
hydrocarbons/aromatic hydrocarbons (Δ) and 
phenol/aliphatic hydrocarbons (●) vs. maturity. Dotted lines 
are suggested polynomial trend lines. 
 
Fig. 2.3 shows the ratio of aliphatic to aromatic moieties, as well as the 
ratio of phenol to aliphatic compounds for samples with different VRr%. 
The compounds used for the ratios were: n-C6 to n-C15 alkanes, n-C5 to n-
C14 alkenes, naphthalene, methylnaphthalene, benzene, toluene, xylenes 
and indene, as well as phenol. The selection was based on the overall 
presence of these compounds in nearly all the laser-pyrolysis products. 
The integrated areas were summed for the aliphatic and aromatic 
proportions, respectively. An initial increase in the ratio of aliphatic to 
aromatic structures is visible by a strong upward trend at the earlier level 
of maturation. This was followed by a rapid decrease in aliphatics and an 
increase in aromatic moieties at later stages of maturation (0.68-0.88% 
VRr). In comparison to aliphatic moieties there was only a slight shift to 
decreasing phenol moieties with increasing maturity. Since the majority of 
the analyses failed to detect phenols, the data density was too low to 
deduce any significant trend. 
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Figure 2.4: La-Py–GC/MS results: Variation in structural group 
abundance. Numbers behind the sample name abbreviations 
signify run, numbers in bold indicate maturity (VRr).Bars 
above signify average values. 
 
CP-Py–GC/MS 
 
CP-Py–GC/MS was applied to 15 sieve fractionated kerogen concentrates. 
The size fractionation allowed differentiation of major kerogen building 
components and partly prevented adulteration of the results caused by 
mixing of palynomorphs with e.g. amorphous OM. The latter was 
separated by sieving (10 µm mesh). An example showing the variance in 
composition within the different size fractions of one sample is given in 
Fig. 2.5. To evaluate the operation of the Py method and to confirm the 
comparability with published data, pyrolysis yield was determined. van 
de Meent et al. (1980) gravimetrically determined three kinds of products 
during Py experiments: volatile products (5-10%), relatively nonvolatile  
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Figure 2.5:  CP-Py gas chromatograms of one kerogen concentrate 
sample (VRr 0.73%) fractionated into three different particle 
sizes; A: <10 µm; B: 10-20 µm; C: 20-40 µm. 
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products (40-50%) and residue (40-50%). These yields could be verified 
from our CP-Py experiments. 
The most abundant components were aliphatics (n-alkanes up to C30 
and n-alkenes up to C21), alkylated mono-and polycyclic aromatic 
hydrocarbons (naphthalene, C1 to C4-naphthalenes, benzene, C1 to C4-
benzene, indene, methyl indenes, styrene) and alkylated cyclohexanes. 
Phenol, cresol and furfural, the main O-containing compounds, as well as 
S-containing products, such as alkylated thiophenes, appeared only in 
minor abundance. However, with respect to the quantitative distribution 
of individual compound classes, considerable differences between the 
single particle size fractions were evident (Fig. 2.6). The smallest fraction 
(<10 µm) contained the highest amount of aliphatics compared to the other 
two fractions (10-20 µm and 20-40 µm), whereas the proportion of the 
aromatic fraction varied inversely. To monitor systematic changes in 
composition during maturation and to understand the way in which each 
group of constituents took part indicative ratios were built for each 
particle size fraction (Fig. 2.7). The ratios were adopted from data 
evaluation of the La-Py analysis. 
 
 
 
Figure 2.6: CP-Py–GC/MS results: Structural group abundance of each 
separated particle size fraction for samples of increasing VRr. 
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Fig. 2.7A shows the ratio of aliphatic to aromatic compounds plotted vs. 
maturity. To compare the results from La-Py–GC/MS and CP-Py–GC/MS, 
the same compounds integrated for both methods were used. It is evident 
that the trends for the three different particle size fractions were similar, 
albeit most pronounced for the smallest size fraction consisting mainly of 
amorphous OM and other organic particles. At stages of lower maturity 
(0.48%–0.68% VRr), the values remained low, reflecting no significant 
change in the composition in these sieved fractions. With ongoing 
maturation, there was a strong upward trend in aliphatic moieties relative 
to aromatic components. In Fig. 2.7B the relative amount of phenol is 
plotted vs. the sum of aliphatic and aromatic moieties. While for the 
fraction <10 µm there was no clear trend, the 10-20 µm and 20-40 µm 
fractions exhibited a rapid decrease. Fig. 2.7C shows a first increase of the 
relative content of methylthiophene from 0.48% to 0.53% VRr but a rapid 
decrease by the beginning of catagenesis (0.5 to 2.0% VRr, after Tissot and 
Welte (1984)). The ratio of n-alkanes + n-alkenes divided by non-(n-alkanes 
+ n-alkenes) in the range of n-decene to n-heptadecane (Fig. 2.7D) (after 
van Graas et al. (1981)) indicates a relative increase in long chain aliphatic 
moieties at higher maturity. 
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Figure 2.7: CP-Py–GC/MS results: Plots of molecular ratios vs. maturity 
and differences within individual size fractions. (A) ratio of 
aliphatic/aromatic moieties. (B) ratio of phenol/sum of 
aliphatic and aromatic structures. (C) ratio of 
methylthiophene/toluene. (D) ratio of long chain n-
alkanes/enes divided by non-n-alkanes/enes from C10 to C17.  
Dotted lines are suggested polynomial trend lines. 
 
 
2.3.2 IR spectroscopic analyses 
µ-FTIR 
 
µ-FTIR analysis was applied to individual specimens of bisaccate pollen in 
eight samples from five maturity levels in order to reveal specific 
information about their composition. Representative spectra are shown in 
Fig. 2.8.  
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Figure 2.8: Comparison of µ-FTIR spectra of bisaccate pollen from 
samples of different maturity levels. Changes during 
maturation involve increasing aromaticity, loss of C=O bonds 
and a slight increase in aliphatic moieties. Analysis of sample 
VRr 1.45% was not possible.  
 
The comparability of the measurements was proven by calculation of a 
Similarity Index (SI; Section 2.2.6 and Table 2.2). IR bands were assigned 
according to Yule et al. (2000), Steemans et al. (2010) and others. CH2 and 
CH3 bands showed significant overlap that hampered their deconvolution. 
The spectra for bisaccate pollen were characterised by strong aliphatic 
CH absorptions (CHali 2915-2855 cm-1), moderate aromatic C=C ring 
stretching (C=Caro 1600 cm-1) and weak carbonyl/carboxyl stretching (C=O 
1705 cm-1) as well as very weak aromatic CH stretching (CHaro 3000 cm-1). 
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Proportional band intensities as well as the absorption ratios were plotted 
vs. VRr values (Figs. 2.9 A-D and 2.10 A-D). Values for higher maturity are 
less reliable, as only one bisaccate pollen specimen was measured at VRr 
0.88%. Analysis of samples at VRr 1.45% was not possible as the bisaccate 
pollen grains were not identifiable under the microscope.  
 
 
Figure 2.9 (A-D): Results from µ-FTIR-analysis: Box whisker plots 
showing the band areas of the main compound groups 
vs. maturity. Numbers in boxes indicate amount of 
measured bisaccate pollen. 
 
Proportional intensities of the CHali bands and CHaro absorptions showed a 
significant upward trend with increasing maturity (Fig. 2.9A+B). This 
observation was expected for the aromatic moieties as a result of 
aromatisation (Tissot and Welte, 1984). Increasing aliphatic moieties at this 
stage of maturity is well known (e.g. Ganz and Kalkreuth (1991), Yule et 
al. (2000)). For the C=Caro and C=O absorption intensities a decreasing 
trend with maturity was observed (Fig. 2.9C+D). Defunctionalisation of 
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the OM with increasing thermal stress is explained by decreasing C=O 
moieties, while an increasing trend for C=Caro was expected due to 
ongoing aromatisation. Some band areas showed high variation in their µ-
FTIR results (e.g. Fig. 2.9), which may be taxon dependent (Yule et al., 
2000, Steemans et al., 2010) or due to compositional variations in the 
pollen (e.g. central body/sacci). 
To study alteration in the relative contribution of different structural 
moieties, diagnostic ratios of individual bands were calculated on the 
basis of their normalised peak areas and were correlated with maturity. 
There was a significant downward trend visible by plotting CHali over 
CHaro vs. maturity, indicating that even if aromatic compounds increase, 
the rise in aliphatic moieties is more pronounced (Fig. 2.10A). The ratio 
CHali over C=Caro showed a steady rise with increasing maturity (Fig. 
2.10B), i.e. formation of aromatic rings or condensation to polyaromatic 
structures. However, these trends are not contradictory, since they both 
show increasing aliphatic proportions. Finally, all components with C=O 
bands related to the band total showed a downward trend, reflecting 
defunctionalisation of the OM with higher maturity (e.g. Fig. 2.10C+D).  
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Figure 2.10 (A-D): Results from µ-FTIR analysis: Box whisker plots 
showing ratios of single band areas vs. maturity. 
Numbers in boxes indicate amount of measured 
bisaccate pollen. 
 
Bulk FTIR 
 
Complementary to the µ-FTIR analysis of individual bisaccate pollen, the 
changes in composition of corresponding bulk sieve fractionated kerogen 
concentrates (Section 2.2) were measured using regular FTIR. The same 
band areas as applied to µ-FTIR were integrated, normalised and used for 
interpretation (Figs. 2.11A-D and 2.12A-D). The proportional intensity of 
the CHali band showed an initial increase, which turned into a rapidly 
decreasing trend at 0.73% VRr (Fig. 2.11A). The CHaro band intensity for 
sieved-fractions >10 µm showed an upward trend with maturity. There 
were no bands detectable at 3000 cm-1 for sieved fractions <10 µm (Fig. 
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2.11B). For the C=Caro absorption intensity, a slight downward trend at low 
maturity was observed within fractions > 10 µm up to 0.73% VRr, after 
which this trend reversed (Fig. 2.11C). Functionalised moieties show 
changes in carbonyl/carboxyl stretch intensities (Fig. 2.11D). While the 
decrease within the maturity range from 0.48% to 0.73% VRr was expected, 
increasing carbonyl moieties at higher maturity (0.88%–1.45% VRr), were 
unexpected and contrast with results in previous publications (e.g. Ganz 
and Kalkreuth (1991), Yule et al. (2000), Vandenbroucke and Largeau 
(2007)). 
 
 
 
 
Figure 2.11 (A-D): FTIR-spectroscopy: Change in proportional band 
intensity over maturity of sieve-fractionated kerogen 
concentrates. Analysis of sample with VRr 0.73% <10 
µm was not possible. 
Alteration of organic material during maturation 
 
 
 
48 
 
 
Figure 2.12 (A-D): FTIR-spectroscopy: Proportional band ratios over 
maturity of the sieve-fractionated kerogen 
concentrates. Analysis of sample with VRr 0.73% <10 
µm was not possible. 
 
 
A stronger increase in aliphatic moieties than the content of CH2 and CH 
groups was recognisable for the largest particle size fractions during early 
levels of maturity (0.48%–0.68% VRr), but this trend reversed at higher 
maturity stages (Fig. 2.12A). The ratio of aliphatic/aromatic ring stretching 
intensity shows an increase at low maturity which also reverses at higher 
stages of maturity (Fig. 2.12B) similar to the ratio of aliphatic moieties (Fig. 
2.11A). Similar trends with maturity can also be seen for the ratios 
C=O/CHali, C=O/CHaro (Fig. 2.12C+D) as well as C=O/C=C. 
 
2.4 Discussion 
Palynomorphs are an important constituent of kerogen and play a 
significant role in petroleum generation. To get a better insight into their 
macromolecular composition and alteration with increasing maturity, 
palynomorph-specific analyses are indispensable. It has to be noted that 
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variables such as taphonomic history, diagenetic effects at the very early 
stages of burial, and also taxon dependent variation in the original 
composition of sporopollenin may have an influence on the properties of 
fossil pollen. However, we believe that maturation exerts most control on 
the structure of sporopollenin in the chosen sample set. 
IR spectroscopy is a non-destructive method that provides information 
on individual functional groups or, more explicitly, the corresponding 
bonds, whereas the pyrolysis of OM and subsequent GC/MS 
characterisation of the products reveals information on structural moieties. 
Hence, the information derived from both analytical methods does not 
necessarily reflect the same properties e.g. aromaticity, degree of 
functionalisation and acidity. The combined application of FTIR analysis 
and Py-GC/MS to OM reveals complementary but not identical 
information.  
 
2.4.1 La-Py–GC/MS vs. µ-FTIR-spectroscopy (microanalysis) 
Each data point obtained from La-Py–GC/MS signifies the average of 20-
50 handpicked bisaccate pollen grains, while each data point from µ-FTIR-
spectroscopy represents one single specimen, focused and measured 
within the kerogen matrix. Therefore, possible heterogeneity within the 
results could be explained by differences in methodology. Comparing the 
changes in aliphatic compounds vs. aromatic moieties, both methods 
show similar results at early stages of maturity (0.45%–0.68% VRr: Figs. 2.3 
and 2.10A+B). At later stages of maturation (0.68%–0.88% VRr) La-Py–
GC/MS showed a rapid decrease in aliphatics and at the same time a slight 
increase in aromatic moieties, whereas the downward trend shown by µ-
FTIR spectroscopy was less pronounced. The formation of further 
aliphatic moieties during diagenesis and early catagenesis was evident 
from an increase of the ratio of aliphatics/aromatics (Fig. 2.3). These 
aliphatic structures are transformed to aromatic structures during ongoing 
maturation, as described by Rullkötter et al. (1988): Initially hydrogen is 
lost by way of the formation of aromatic rings from aliphatic moieties. 
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Further aromatisation to naphthenic or naphthenoaromatic rings which, at 
a molecular level, primarily reduces the relative amount of methylene and 
methine hydrogens, lead to a rise in the relative amount of methyl groups. 
This phenomenon was also observed by Yule et al. (2000), who noted that 
the majority of the aliphatic groups are lost as the miospore wall breaks 
down at a vitrinite reflectance range of 0.80–1.04% to form hydrocarbons. 
The process of thermal cracking replaces C-H and C-C bonds by 
unsaturated C=C bonds and aromatic rings. Those assumptions only 
partially fit with the literature on a still not completely decoded 
sporopollenin structured. De Leeuw and Largeau (1993), van Bergen et al. 
(1993), Collinson et al. (1994), de Leeuw et al. (2006) and Wiermann et al. 
(2001) expected unbranched alkyl chains up to n-C29 and phenyl 
propanoid units to be the main building blocks of this biomacromolecule.  
La-Py–GC/MS analysis of bisaccate pollen at lower maturity (0.48% and 
0.53% VRr) was performed with different pyrolysis energy. Yet, the 
pyrolysis products did not differ considerably. The fact that only few n-
alkanes >n-C15 were detected can be explained by the low amount of 
pyrolysed material resulting in signals below level of detection leading to 
the discrimination of high molecular weight hydrocarbons. However, an 
absence of longer chain n-alkanes in the structure of bisaccate pollen 
cannot be excluded. This would, however, contradict formerly published 
data about the structure of sporopollenin (e.g. van Bergen et al. (1993), de 
Leeuw et al. (2006)).  
Considering the alteration of the content of O-containing structures 
during maturation, both methods showed similar results, namely a 
constant decrease in those compounds (Figs. 2.3 and 2.10C). Such 
defunctionalisation is widely known (Tissot and Welte, 1984, Horsfield 
and Rullkötter, 1994) and could be confirmed by our results. 
All in all, the alteration of the composition of bisaccate pollen showed 
the same trend for La-Py–GC/MS experiments and µ-FTIR spectroscopy. 
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2.4.2 CP-Py–GC/MS vs. FTIR-spectroscopy (macroanalysis) 
In addition to the systematic comparison of the results obtained from two 
independent palynomorph-specific methods (La-Py–GC/MS and µ-FTIR), 
differences using bulk methods (CP-Py–GC/MS and FTIR) also need to be 
considered. This section focuses on data obtained from IR and Py analyses 
applied to the sieve fractions of the total OM of the samples. The 
spectroscopic analyses show an initial increase in the aliphatic to aromatic 
structures ratio (CHali/C=Caro band area; Fig. 2.12B) for samples from 
0.48%–0.68% VRr, followed by a decreasing trend at higher stages of 
maturity (0.68%–1.45% VRr). From this we conclude that the formation of 
aliphatic structures is followed by the formation of aromatic components, 
similar to conclusions made by Rullkötter et al. (1988), Witte et al. (1988) 
and Schenk et al. (1990). However, aliphatic/aromatic trends from CP-Py–
GC/MS analyses show different results (Fig. 2.7A). The values of various 
aliphatic/aromatic ratios show little variation up to a maturity level of ca. 
0.68% VRr, and then increase considerably at higher maturities (0.68%–
1.45% VRr). All three particle size fractions behave similarly. 
The increasing trend in aliphatics/aromatics may be due to various 
reasons. It can be assumed that catagenesis of dispersed organic matter 
unrelated to pollen formed polyaromatic ring systems with five or more 
rings, which were not available for detection under the applied pyrolysis 
energy. An increase in the number of aromatic rings was determined by 
Tissot et al. (1971) for shales of early Toarcian age and by Schenk et al. 
(1990) for artificially matured vitrinite. The formation of these aromatic 
ring systems shifts the weak points of the macromolecular material from 
within the alkane chains to the α-position of the alkylated aromatics, 
which would therefore induce release of different pyrolysis products. This 
leads to a second hypothesis by way of ongoing aromatisation and at the 
same time the creation of aliphatic fractions that are increasingly labile 
bound, enhancing the amounts of “releasable” n-alkanes (Fig. 2.13). This 
hypothesis was put forward by van Graas et al. (1981), who showed an 
extraordinarily strong increase in the absolute amount of aliphatic 
moieties in unextracted sample material in comparison with extracted  
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Figure 2.13: CP-Py–GC/MS analysis of fractionated kerogen concentrates. 
Alteration of content of aliphatic structures during 
maturation and differences within individual sieve fractions. 
Plotted areas were standardised to the amount of pyrolysed 
sample material. 
 
material at stages of higher maturity. A total increase in the “releasable” 
amounts of aromatic precursor structures and alkylated cycloalkanes 
during thermal maturation (Fig. 2.14) supports this hypothesis.  
Both macroanalytical methods indicate decreasing amounts of O-
containing structures with ongoing maturation (Figs. 2.7B and 2.12D). This 
reflects defunctionalisation during diagenesis (up to 0.5% VRr) and no 
further O incorporation during catagenesis. Defunctionalisation is also 
supported by microanalysis of isolated bisaccate pollen (Figs. 2.3 and 
2.10C). However, systematic differences in the content of phenol moieties 
over different maturity levels are evident when comparing results from 
the <10 µm fraction to those from larger particles. 
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Figure 2.14: CP-Py–GC/MS analysis of fractionated kerogen concentrates. 
Alteration of content of alkylated cyclohexane structures 
during maturation and differences within individual sieve 
fractions. Plotted areas were standardized to the amount of 
pyrolysed sample material. 
 
According to Tissot and Welte (1984) and Durand (1985), heteroatomic 
compounds are among the first structures released during the early-
catagenetic stage of maturity. This is confirmed by the decrease in S-
containing products in our pyrolysates (Fig. 2.7C). 
An IR study carried out by Espitalié et al. (1973) as well as a Py-GC/MS 
study carried out by van Graas et al. (1981) of kerogens from Toarcian 
sediments of the Paris Basin found a relative increase in long chain 
aliphatic moieties in samples at higher maturity. This was also apparent 
for the present samples from uppermost Pliensbachian sediments of the 
Hils Syncline (Fig. 2.7D). 
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In summary, noticeable differences between the results from both 
methods applied to the sieve-fractionated kerogen concentrates suggest a 
destabilisation of aliphatic moieties, resulting in high pyrolysis yield of 
aliphatics (Fig. 2.13), accompanied by the formation of aromatic systems 
detected via FTIR spectroscopy that are discriminated in pyrolysis GC/MS 
analyses due to their low volatility.  
 
2.4.3 Micro- vs. macro analyses 
The following section deals with the differences in the information from 
the micro- and macro analytical techniques and the comparability of the 
results from both types of analysis. 
 
Spectroscopic methods 
 
The organic material of bisaccate pollen showed similar alteration with 
maturity than the bulk kerogen concentrate. In particular, the 
defunctionalisation with ongoing maturity was evident in both sample 
types (as illustrated in Figs. 2.10D and 2.12D). Further on, an increasing 
trend in CHali/C=Caro bands is obvious also for both sample types (Figs. 
2.10B and 2.12B) at early stages of maturity. However, the relative 
downward trend beyond 0.68% VRr is much more pronounced in FTIR 
than in µ-FTIR spectroscopy. This indicates that aromatic ring systems 
form less rapidly in bisaccate pollen. As there were no µ-FTIR 
measurements performed for samples at the highest maturity level (1.45% 
VRr), a comparison was not possible at this maturity level. Taxonomic 
differences in bisaccate pollen may account for the higher variability in 
palynomoph-specific results (e.g. Fig. 2.9). Such taxonomic differences in 
the composition of sporopollenin were previously suggested by Yule 
(1998, 2000) and Steemans et al. (2010) based on µ-FTIR results, and by 
Hemsley et al. (1993) based on 13C solid state NMR results.  
 
Alteration of organic material during maturation 
 
 
 
55 
Pyrolysis methods 
 
In general, the results from both pyrolysis studies were similar and only 
differed at higher maturity. The ratio of aliphatics to aromatics as 
determined from La-Py–GC/MS was very similar to that from CP-Py–
GC/MS up to a maturity level of 0.73% VRr (Figs. 2.3 and 2.7A). However, 
the considerable upward trend in CP-Py–GC/MS experiments above this 
maturity level might be the result of non-palynomorph material or be 
explained by the formation of larger condensed aromatic structures, as 
described by Tissot et al. (1971) and which may not be “releasable” at the 
given pyrolysis energy. A comparison of results with respect to O-
containing moieties is not easy, as fewer data points could be acquired 
using the La-Py–GC/MS approach compared to CP-Py–GC/MS.  
Sulfur is one of the most abundant heteroelements in marine kerogen 
(Orr, 1978, Tissot and Welte, 1984). It is found in source rocks in soluble 
and insoluble OM fractions as well as in associated minerals – mostly 
pyrite microcrystals and framboids (Vandenbroucke and Largeau, 2007). 
After incorporation into kerogen during early diagenesis, heteroatomic 
compounds are known to be one of the first structures released once 
catagenesis is reached (Tissot and Welte, 1984). An estimate of the 
commonly assessed Sorg/C atomic ratio, usually obtained through 
elemental analysis, was measured using Py-GC/MS by Eglinton et al. 
(1988). The methyl thiophene/toluene ratio (Fig. 2.7C) developed in those 
experiments was applied to the CP-Py–GC/MS results when previous 
findings could be confirmed by showing a rapid decrease by the 
beginning of catagenesis whereby shortly afterwards no more methyl 
thiophene moieties were detected. In contrast to the findings of Eglinton et 
al. (1988) there was an initial increase in the relative content of 
methylthiophene at immature stages. No heterocyclic S components were 
revealed by La-Py, suggesting that the macromolecular structure of 
bisaccate pollen does not contain any of these compounds. Hence, a 
comparison of the methods with regard to the development of S 
containing components was not possible. Nevertheless, a slight similarity 
between both analyses was apparent. 
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Pyrolysis yield and hydrocarbon generation potential of different 
particle size fractions  
 
The distribution of different particle size fractions of the kerogen 
concentrates showed the highest pyrolysis yield from the smallest size 
fraction (<10 µm) containing mainly amorphous OM and other organic 
particles. This yield far exceeded that of the other two fractions (Figs. 2.13 
and 14), which were predominantly composed of structured OM 
(phytoclasts such as membranous tissues, tracheids, woody debris, 
cuticles) and palynomorphs (e.g. trilete miospores, small bisaccate pollen, 
acritarchs). In addition, our La-Py–GC/MS analysis applied to 
palynomorphs indicated the dominance of mainly mono-aromatic rings 
and short n- or iso-alkane moieties in their chemical composition. Both, 
these structural properties and the low pyrolysis yield, point to a quite 
low hydrocarbon generation potential of bissacate pollen in this samples 
and potentially palynomorphs, in general whereas most of this potential 
might be associated with the amorphous matter. This conclusion is 
contradictory to earlier publications that mentioned an elevated 
contribution of palynomorphs to hydrocarbon generation potential (e.g. 
Maier and Zimmerly (1924), Batten (1996a)). 
 
2.5 Conclusions 
Pyrolysis-GC/MS and FT-IR were applied to different types of organic 
material in order to obtain information about alteration resulting from 
maturity and to compare both complementary methods. 
Micro- scale analysis applied to handpicked bisaccate pollen resulted in 
detailed characterisations of its composition. The results from µ-FTIR 
spectroscopy showed high reproducibility, whereas the micro-pyrolysis 
provided more variable results. Two major maturity-related trends could 
be observed, namely defunctionalisation and a change from 
predominantly aliphatic to more aromatic structures, with an aliphatic 
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structures maximum at the peak of the oil-generation window. The 
absence of polyaromatic ring systems in bisaccate pollen analysed using 
La-Py–GC/MS was in line with previous understanding of the structure of 
sporopollenin. The data can complement the information obtained from 
bitumen analysis to decipher source material and depositional 
environments and can also provide some implications for hydrocarbon 
generation potential. 
Macro- and µ-FTIR-spectroscopic analyses showed quite similar results, 
especially with respect to the maturity-related alteration trends from the 
respective sample material. Pyrolysis methods can provide more detailed 
and more specific information on the composition of palynomorphs than 
spectroscopic methods, but reproducibility at small amounts of sample 
material, a discrimination of high mass weight hydrocarbons and possible 
laser induced alteration of organic structures are still problematic. 
Nevertheless, pyrolysis seems to be the more sensitive tool for tracing 
compositional differences in palynomorphs.  
Both IR-spectroscopy and Py-GC/MS yield insights into alteration of 
palynomorphs with ongoing maturation and can distinguish the chemical 
evolution of palynomorphs from bulk organic matter. Spectroscopic 
methods are faster and easier to perform than pyrolysis, but pyrolysis 
provides chemical information that cannot be obtained by spectroscopy. 
The most comprehensive assessment of organic matter is achieved by 
combining these complementary techniques. 
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3 The effect of different pyrolysis 
temperatures on organic microfossils, vitrain 
and amber – a comparative study between 
laser assisted- and Curie Point- pyrolysis–
gas chromatography / mass spectrometry 
 
 
A B S T R A C T  
This study explores the comparability of results of two different pyrolysis 
methods applied to macromolecular geochemical material: Laser-
pyrolysis- gas chromatography/mass spectrometry (La-Py–GC/MS) and 
Curie Point- pyrolysis- gas chromatography/mass spectrometry (CP-Py–
GC/MS). Six samples of different fossil (megaspores, prasinophytes, 
scolecodonts, amber, vitrain) and extant (sporopollenin) biomaterials were 
analysed at various pyrolysis temperatures by CP-Py–GC/MS and by La-
Py–GC/MS. The qualitative composition of the pyrolysates obtained from 
both methods was similar. However, La-Py–GC/MS produced shorter 
aliphatic pyrolysis products in almost all samples. Results obtained from 
megaspores and prasinophytes indicate a laser temperature higher than 
the highest Curie temperature applied (920 °C). The application of La-Py–
GC/MS was successful for material with a predominantly aromatic 
structure and/or a high thermal maturity (scolecodonts, vitrain). For extant 
or immature materials CP-Py–GC/MS appears to be a more suitable 
method as the applied temperature can be regulated much more 
accurately. 
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3.1 Introduction 
The composition of many fossil biomacromolecules is highly complex and 
difficult to analyse. However, a better understanding of the chemical 
structure of biomaterials may have implications for their oil-generating 
potential, or may offer important insights into the taxonomic position of 
enigmatic species. In general, organic matter (OM) consists of an 
extractable and a predominant, non-extractable portion. The latter, 
however, usually contains the main structural information on the 
macromolecular material. Burial of strata containing OM leads to thermal 
maturation processes due to temperature and pressure increase, altering 
the original chemical structure and making it more difficult to reconstruct. 
Geochemical analyses may give insight into the composition of thermally 
altered OM which can be used to infer on its original structure. The 
application of analytical pyrolysis, i.e. the cracking of macromolecular 
substances into smaller compounds by heating under oxygen free 
conditions is an important tool to gain insight into the structure of 
macromolecules, especially if combined with other techniques (e.g. 
Greenwood (2011), Stankiewicz et al. (1998)). While higher pyrolysis 
temperatures convert a greater proportion of macromolecular matter into 
GC-amenable fragments, excessively high pyrolysis temperatures produce 
pyrolysates that are difficult to relate to the original biomaterial. A well 
established pyrolysis method is Curie Point-pyrolysis-gas 
chromatography/mass spectrometry (CP-Py–GC/MS). The method is 
based on the ballistic heating (20–30 ms) of a metal crucible or wire, 
containing a small amount of sample material, to its Curie temperature 
using magnetic induction. The Curie temperature is alloy-specific (150–
1040 °C) and very accurate. In earth science studies CP-Py–GC/MS is 
mostly applied to homogeneous but not manually separated bulk sample 
material such as kerogen concentrates (OM in sedimentary rocks which is 
insoluble in organic solvents) (Larter et al., 1978, Philp, 1982, Menzel et al., 
2005, Wampler, 2007) or to fossil remains of plants and animals (Collinson 
et al., 1994, Blokker et al., 2001, Dutta et al., 2009). Common CP-Py–GC/MS 
set-ups require a minimum of ca. 0.25 mg of sample material. 
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A more recent and not widely available analytical method is laser-
pyrolysis-gas chromatography/mass spectrometry (La-Py–GC/MS) (Stout, 
1993, Greenwood et al., 1998, 2001, Greenwood, 2011). This method uses a 
focussed laser beam that can be applied to target specific specimens under 
the microscope without prior separation, or may be used to target 
individual parts of larger specimens. The amount of material required is 
much lower than in other methods of flash pyrolysis, enabling the analysis 
of much smaller amounts of OM. In earlier studies La-Py–GC/MS was 
applied to a wide range of materials, e.g. oil-bearing fluid inclusions 
(Greenwood et al., 1998, Volk et al., 2010), in situ maceral analyses (Stout, 
1993, Greenwood et al., 2001) as well as individual fossil bisaccate pollen 
(al Sandouk-Lincke et al., 2013). However, the pyrolysis temperature 
induced by the laser and its spatial resolution depends on laser type and 
energy (Greenwood, 2011), optical lenses used in the system and the 
sample material itself.  
In summary, both pyrolysis methods have advantages and 
disadvantages depending on the sample material and the analytical 
questions. The success of laser-pyrolysis analyses can be limited by the 
surface condition and colour of material itself. We expected that lower 
pyrolysis temperatures may give more insight into the structure of extant 
or immature fossil organic materials, while higher temperatures may be 
more suited to analyse more mature fossil organic matter. To explore this 
hypothesis in more detail, extant and fossil organic matter (hand-picked 
and optically clean under a binocular microscope) of different chemical 
composition, geological age and thermal maturity was analysed using CP-
Py–GC/MS at several Curie temperatures and the results were compared 
to La-Py–GC/MS. 
 
3.2 Materials and methods 
3.2.1 Samples and sample preparation 
Six samples of various fossil (megaspores, prasinophytes, scolecodonts, 
amber, vitrain) and extant (sporopollenin) biomaterials were analysed by 
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CP-Py–GC/MS and La-Py–GC/MS (Table 3.1). All samples have different 
chemical compositions and show different chemo-physical characteristics 
(i.e. colour, surface conditions) leading to a wide variety of analytical 
results of different types of OM. Sporopollenin builds up the exine of 
pollen and spores. The Late Carboniferous megaspores of the genus 
Calamospora are ca. 310 Ma years old. Due to thermal maturity and 
geological age of the megaspores the original structure of sporopollenin is 
expected to be diagenetically modified. Prasinophytes are green algae and 
built of algaenan, a biomacromolecule based on long chain ester- and 
ether-linked hydroxyl fatty acids (Fig. 3.1,(Blokker et al., 1999)). They can 
be a significant precursor material for kerogen generating petroleum Type 
I and Type II source rocks (Peters et al., 2005).  
 
 
 
Figure 3.1: Simplified chemical structure of algaenan (after Blokker et al. 
(1999). 
 
Scolecodonts are fossilised elements of the jaw apparatus of polychaetes. 
They may have some applications in palaeoecological and 
biostratigraphical studies. Amber is fossil resin of trees. Our sample has a 
geological age of ca. 40 Ma years (Eocene). Vitrains are bright layers in 
coal derived from wood. Smaller, microscopically visible particles are 
called vitrinites; their reflectance is commonly used to determine 
maximum palaeotemperatures experienced by sedimentary rocks during 
burial (Taylor et al., 1998). Increase in reflectivity is accompanied by an 
increase in relative abundance of large aromatic units (Schenk et al., 1990). 
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Further information about the sampling localities and rank of thermal 
maturity (Espitalié et al., 1977, Taylor et al., 1998) is given in Table 3.1. 
Samples were processed using standard palynological and 
palaeontological techniques to isolate megaspores, prasinophytes and 
scolecodonts from the sediment (Jones and Rowe, 1999). Subsequently, 
well preserved palynomorphs with no adhering sediment or organic 
material were selected from the residue and handpicked under a 
dissecting binocular microscope. Vitrain particles were obtained from a 
pure vitrain layer. A small piece of amber was crushed and only 
fragments without the outer slightly weathered crust were selected. Extant 
sporopollenin, isolated from Lycopodium spores and distributed by 
Polyscience Inc. (Lot# 504496), was used for comparison with the fossil 
organic matter of megaspores. Isolated specimens of all samples were 
placed either in metal crucibles (CP-Py–GC/MS) or onto a 6 mm diameter 
glass slide (La-Py–GC/MS). 
 
3.2.2 Curie Point-pyrolysis-gas chromatography/mass 
spectrometry 
Ca. 0.4 mg of each sample material was collected in metal crucibles and 
pyrolysed at various pyrolysis temperatures for 10 s using a CP pyrolyser 
(Fischer GSG CPP 1040 PSC) coupled to a GC/MS system (GC Fisons 8065; 
Thermoquest MD 800). A 30 m non-polar GC capillary column (Zebron 
ZB-5, 0.25 mm I.D., 0.25 µm film thickness) was used and a cryofocussing 
trap (–70 °C) was installed directly behind the injector. The pyrolysis 
products were introduced onto the GC column using splitless injection 
(injector temperature 270 °C, splitless time 60 s) and the oven temperature 
was heated from 40 °C (held 3 min) at 3 °C/min to 310 °C (held 20 min). 
He was used as carrier gas. MS parameters included a source temperature 
of 200 °C, 70 eV EI and a scan range of m/z 35–550. Peak identification was 
based on comparison of MS data and retention times with those of 
reference material and mass spectral libraries (Wiley 7th Ed., NIST 05). 
Individual composition was analysed by integrating relevant extracted ion 
peak areas. 
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Table 3.1: Sample characteristics. Maturity according to Rock-Eval 
measurements (Tmax; Espitalié et al. (1977) or vitrinite 
reflectance (VRr; Taylor et al. (1998). 
 
Sample Geological age Origin Thermal 
maturity 
Megaspores 
(probably 
Calamospora 
laevigata) 
Late Carboniferous Quierschied, near 
Saarbrücken, 
Germany 
Immature  
(Tmax 423 °C)1 
Sporopollenin 
(Lycopodium 
exines) 
Extant Standard material 
Polysciences Inc., 
Lot#504496 
Immature 
Prasinophytes Mid Devonian Weinberg, Eifel 
Mountains, 
Germany 
Immature  
(Tmax 434 °C)2 
Scolecodonts Late Devonian – 
Early 
Carboniferous 
Walheim, Germany Overmature  
(3.4% VRr) 
Baltic amber Paleogene Curonian Spit, 
Lithuania 
Immature 
Vitrain Late Carboniferous Coal mine Franz 
Haniel, Bottrop, 
Germany 
Mature  
(0.82% VRr) 
1after Dutta (2006), 2after Dutta (2009) 
 
3.2.3 Laser-pyrolysis-gas chromatography/mass spectrometry 
Analyses were carried out on a modified version of the instrumentation 
described in Greenwood et al. (1996, 1998) and used by al Sandouk-Lincke 
et al. (2013). In brief, sample material was transferred onto a 6 mm 
diameter glass slide and pyrolysed by focusing a Nd:YAG laser (1064 nm) 
with a microscope onto the sample placed into a heated (ca. 100 °C) 
custom-built laser chamber and flushed with 100 mL/min He. The 
pyrolysis time varied between 0.1 and 0.4 s. Pyrolysis and thermal 
extraction products were then transferred with the use of valve switches 
and two cold traps immersed in liquid N2 to an Agilent 6890 GC 
instrument interfaced to a quadrupole MSD 5973 (electron energy 70 eV, 
source temperature 250 ºC). Full scan analysis (m/z 50–550) of the 
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pyrolysates was performed after separation on a fused silica DB-5MS 
column (J&W, 60 m, 0.25 mm I.D., 0.25 μm film thickness) with He carrier 
gas at constant pressure. The GC oven was programmed from 10 °C (3 
min hold) to 310 °C (30 min hold) at 3 °C/min. The pyrolysis products of 
20–80 individual specimens were combined in a cryofocussing trap and 
measured in total. The laser spot size (20 µm to <40 µm) was sample 
dependent and controlled by adjusting the laser power and using 
appropriate magnification (10x, 20x or 50x long working distance). Where 
multiple shots were carried out on one single specimen, care was taken to 
avoid regions already pyrolysed or affected by the laser. Duplicate 
measurements were performed to increase representativeness.  
Laser pyrolysis and its efficiency are strongly dependent on the sample 
composition. The laser penetrates a sample more easily where the surface 
is dark, such as coals and its macerals. However, if the sample is white or 
translucent such as glass, quartz, carbonates or resins (resinites), the 
coupling of laser (Nd:YAG) energy with the sample is far less efficient. A 
strategy to overcome this problem was to coat the sample with a thin layer 
of graphite to help the coupling of the laser power onto the sample. By 
shooting the laser at the graphite, pyrolysis products from graphite could 
be identified of which the main peaks did not interfere with the peaks 
generated by laser pyrolysis of resinite. 
 
3.2.4 Reproducibility  
The composition of the pyrolysis products was analysed by integrating 
relevant extracted ion peak areas. Values were normalised by dividing 
each individual peak area by the sum of all target peak areas. Each sample 
was measured by La-Py–GC/MS at least twice to check the qualitative and 
quantitative stability of the system. In case of sufficient amounts of sample 
material CP-Py–GC/MS was carried out twice. Similarity indices were 
calculated to ensure the reproducibility of the analyses. The calculation 
was proceeded as described in al Sandouk-Lincke et al. (2013). 
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3.3. Results and Discussion 
3.3.1 CP-Py–GC/MS analyses of organic microfossils at different 
temperatures 
In the following, the pyrolysis results of the microfossil sample materials 
and the variances due to the application of different pyrolysis 
temperatures are discussed. 
The exine of fossil megaspores consists of sporopollenin (Fig. 3.2), an 
extremely resistant biomacromolecule that can be fossilised and preserved 
over millions of years and resists even high pressure metamorphism 
(Bernard et al., 2009). However, Yule et al. (2000) showed a significant 
alteration of the chemical composition of pollen and spores when exposed 
to high temperatures.  
 
 
 
Figure 3.2: Simplified chemical structure of sporopollenin (modified 
after (van Bergen et al., 2004)). A: p-coumaric acid; B: ferulic 
acid. 
 
Our pyrolysis analyses revealed a chemical composition dominated by 
aliphatic and aromatic structures (Fig. 3.3A). With increasing pyrolysis 
temperatures the relative amounts of n-alkanes decrease, while the 
proportions of aromatics increase (Fig. 3.4). At relatively low pyrolysis 
temperatures (up to 590 °C) high amounts of n-alkanes ranging from C10 to  
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Figure 3.3: Total ion chromatograms of megaspores analysed by (A) CP-
Py-GC/MS (650 °C) and (B) La-Py-GC/MS. The main 
pyrolysis products are labelled: (x) n-alkenes, (●) n-alkanes. 
 
C26 were released whereas n-alkenes were below detection limit. In 
addition, various aromatic structures (benzene, toluene, xylene, styrene, 
di- and tricyclic aromatic hydrocarbons and their methylated derivates) 
and oxygen-containing constituents (phenol, cresol, benzaldehyde, 
acetophenone) were identified. Pyrolysis temperatures of 650 °C, 764 °C 
and 920 °C released homologous series of n-alkenes (C7–C24) and n-alkanes 
(C7–C29) and in addition high amounts of mono- and polycyclic aromatics 
and lower amounts of oxygen-containing components.  However, the 
relative composition of the pyrolysates showed no clear up- or downward 
trend with increasing temperature. The lack of olefinic products at 
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temperatures up to 590 °C suggests liberation of GC-amenable substances 
as the results of thermodesorption rather than due to pyrolytic cleavage of 
macromolecular structures. Thus, a pyrolysis temperature of at least 
650 °C for fossil megaspores of immature rank is needed to obtain 
information on the macromolecular organic matter.  
Previously published data on fossil megaspores by van Bergen et al. 
(1993) and Dutta (2006) documented similar compositions of pyrolysis 
products though in variable proportions, taking into account variations 
due to different megaspore taxa, thermal maturity, taphonomic conditions 
and analytical settings.  
 
 
 
Figure 3.4: Semi-quantitative amounts of the main chemical compound 
groups released from Carboniferous (Pennsylvanian) 
megaspores at different pyrolysis temperatures. The values 
are averaged out of duplicate measurements. 
 
The chemical structure of sporopollenin has been investigated in many 
studies (Hemsley et al., 1993, 1996, van Bergen et al., 2004). However, the 
exact structure is still uncertain, due to (i) its variation according to the 
taxa (Steemans et al., 2010) and (ii) the difficulties in the preparation 
processes that may change the original chemical structure by the addition 
of various solvents and acids. Based on numerous publications van Bergen 
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et al. (1993) and de Leeuw and Largeau (1993) concluded that several 
types of extant sporopollenins of a variety of conifers and angiosperms 
may occur. These are characterised either by oxygenated aromatic 
building blocks (e.g. p-coumaric and ferulic acids) or by an aliphatic 
biomaterial of unknown structure (e.g. Guilford et al. (1988), Domínguez 
et al. (1999)). Van Bergen et al. (2004)  combined this information and 
suggested long aliphatic chains as a main structure that are cross linked 
via ester or ether bonds with cinnamic acid monomers (Fig. 3.2). In this  
study CP-Py–GC/MS analyses up to 650 °C released very low amounts of 
n-alkene/-alkane doublets ranging from C11 to C16 but a high amount of 
low molecular aromatic (benzene, toluene, xylene, C3-benzenes, C4-
benzenes, styrene, indane, indene) and oxygen-containing components 
(phenol, cresol, benzaldehyde, acetophenone, furanones, furans) (Fig. 3.5). 
Special attention has to be given to the identification of furans and 
furanones in the pyrolysates which were not reported as structural 
moieties of sporopollenin in earlier studies (Hayatsu et al., 1988, 
Domínguez et al., 1999, van Bergen et al., 2004, Watson et al., 2012). In our 
analyses they may appear as the result of intramolecular pre-cracking 
reactions since the applied temperature might induce the formation of 
ether rings with substituted carbonyl groups. This assumption is 
supported by the observation that furanones were not detected at 
pyrolysis temperatures higher than 764 °C. It can be assumed that the high 
pyrolysis energy was able to crack the substitute carbonyl bond leading to 
the formation of furans but was not high enough to break the ring 
structure. This may also explain the decrease in the detection of oxygen-
containing pyrolysis products whereas the proportion of aromatic 
products remained constant. At pyrolysis temperatures of 764 °C (Fig. 3.6) 
and 920 °C an increasing amount of aliphatics ranging from n-C6 to n-C16 
was identified which may be the result of cracking processes of aliphatic 
ring substituents. Furthermore, only minor portions of furans and 
furanones were released. 
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Figure 3.5: Semi-quantitative amounts of the main chemical compound 
groups released from extant sporopollenin at different 
pyrolysis temperatures. The values are averaged out of 
duplicate measurements. 
 
Interestingly, the occurrence of furans and furanones in pyrolysates of 
extant sporopollenin but not of megaspores leads to the assumption that 
the macromolecular structure of extant sporopollenin differs markedly 
from the fossilised one (Fig. 3.4). Whether furans were initially present 
and then destroyed during thermal maturation or whether they were 
absent in the precursor material of the megaspores cannot be answered. 
This difference is also clearly evident from the fact that both, originally 
probably very similar, materials show very different behaviour with 
increasing pyrolysis temperatures; in extant sporopollenin, aliphatics 
increase with pyrolysis temperatures, while fossil megaspores show a 
decrease of these compounds at higher pyrolysis temperatures (Figs. 3.4 
and 3.5). The present study implies a Curie temperature of 764 °C as the 
maximum pyrolysis temperature for extant sporopollenin samples to 
obtain significant information on its macromolecular composition. Up to 
this temperature the highest qualitative variation of pyrolysis products 
and a significant pyrolysis yield are provided.  
 
The effect of different pyrolysis temperatures on organic microfossils 
 
 
71 
 
 
Figure 3.6: Total ion chromatograms of extant sporopollenin analysed 
by (A) CP-Py GC/MS (764 °C) and (B) La-Py-GC/MS. The 
main pyrolysis products are labelled: (x) n-alkenes, (●) n-
alkanes, (○) contaminant. 
 
Earlier studies by van Bergen et al. (1993), Boom (2004) and de Leeuw et 
al. (2006) describe a significantly lower portion of homologous aliphatics 
in comparison to aromatics in extant spore samples compared to fossil 
ones. However, our analyses of extant sporopollenin material do not 
completely correspond with these results as aliphatic structures were 
identified at all pyrolysis temperatures. Nevertheless, the aromatic portion 
dominated the aliphatic fraction even though there is a marked shift with 
increasing pyrolysis temperatures (Fig. 3.5). These differences between 
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this study and earlier ones may occur because of different preparation 
procedures and/or the applied pyrolysis temperatures.  
The structure of the organic matter in prasinophytes is very different. 
They are unicellular, mainly marine green algae and consist mainly of 
algaenan, a long chain aliphatic structure cross-linked via ether and ester 
bonds. A general and simplified structure of algaenan, proposed by 
Blokker et al. (1999), is shown in Fig. 3.1. Pyrolysis products of 
prasinophytes analysed in this study showed markedly different 
composition with increasing pyrolysis temperatures. At 423 °C a 
homologous series of alkenes ranging from n-C6 to n-C18 and alkanes in the 
range of n-C6 to n-C23 as well as saturated aldehydes in the range of n-C8 to 
n-C14 were detected (Fig. 3.7A). The n-alkene/-alkane chain lengths 
showed a homologous distribution with a reduction of short chain alkanes 
(Fig. 3.7B). The aliphatics were probably generated by the homolytic 
cleavage of relatively weak C–O bonds (Fig. 3.1) generating a radical 
which can be stabilised by an intermolecular H-radical transfer. The 
aldehydes are products of an allylic cleavage of C–O bonds when the 
radical thus generated can be stabilised by intermolecular H-radical 
transfer reactions (Gelin et al., 1993). At a pyrolysis temperature of 650 °C 
alkenes ranging from n-C6 to n-C20 and alkanes in the range of n-C6 to n-C23 
presented the main constituents with a dominance of n-C9 to n-C11 
aliphatics (Fig. 3.8A). Furthermore, aldehydes ranging from n-C8 to n-C13 
as well as alkadienes in the range of n-C9 to n-C13 were identified which 
are products of the cleavage of C–C bonds producing a radical that is 
stabilised by an intermolecular H-radical transfer leading to the formation 
of a series of n-alkadienes and n-alkenes (Gelin et al., 1993). At 764 °C a 
homologous series of alkenes and alkanes ranging from n-C6 to n-C22 were 
detected showing a predominance of n-C9 to n-C11 aliphatics and a 
significant reduction in the relative amounts of long chain aliphatics (n-
C17–n-C21, Fig. 3.7B). 
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Figure 3.7: (A) Semi-quantitative amounts of the main chemical 
compound groups released from prasinophytes at different 
pyrolysis temperatures; (B) n-alkane distributions of 
pyrolysates of prasinophytes at different temperatures; 
numbers indicate the aliphatic chain lengths. 
 
At this temperature no more aldehydes were detected whereas a series of 
alkadienes at a range of n-C9 to n-C16 were identified. At the highest Curie 
temperature applied to this sample material, 920 °C, aliphatics ranging 
from n-C6 to n-C22 (peak of n-C9 to n-C11) remain the main constituents. 
Furthermore, alkadienes in the range of n-C8 to n-C16 were detected. In 
summary, significant differences in the composition of the pyrolysis 
products depending on the applied pyrolysis temperature were observed, 
e.g. aldehydes were only present at temperatures up to 650 °C (Fig. 3.7A). 
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Furthermore, there is a marked shift of aliphatic structures from a more 
uniform chain length distribution at low pyrolysis temperatures to 
relatively less long chain and more short chain aliphatics at high 
temperatures. This demonstrates that, in the case of the macromolecular 
organic matter of algaenan, some structural information is lost at these 
higher pyrolysis temperatures. Therefore, a pyrolysis temperature of 
maximum 650 °C is recommended for prasinophytes of an immature rank 
of thermal maturity.  
The results of this study are in basic agreement with previous 
investigations that were applied to various microalgae (Kadouri et al., 
1988, Derenne et al., 1991, 1992, Dutta et al., 2006) and showed high 
amounts of long chained homologous series of n-alkenes and n-alkanes as 
main constituents.  
Scolecodonts, the fossil jaws of polychaete worms, were included in 
this study since their chemical structure, even though not completely 
decoded, is expected to present a totally different pyrolysis behaviour 
compared to the previous materials. The present sample material showed 
a very high thermal maturity (3.4% VRr calculated after Schoenherr et al. 
(2007) from the surrounding bituminous sediment matrix; Table 3.1). 
Pyrolysis temperatures of 764 °C and 920 °C released aliphatics in the 
range of n-C6 to n-C19, aromatics (benzene, toluene, xylene, naphthalene, 
methylated naphthalenes, styrene) and some oxygen containing 
compounds (phenol, cresol and benzaldehyde) (Fig. 3.9A). The relative 
composition does not vary significantly between these pyrolysis 
temperatures (Fig. 3.10). However, the pyrolysis yield at temperatures 
lower than 764 °C is very low, suggesting that the biopolymer of 
scolecodonts consists of a very resistant intermolecular framework that is 
highly resistant to thermal break-down. The high thermal maturation may 
have contributed to the stabilisation of the chemical structure. Therefore, 
our analyses imply a pyrolysis temperature of min. 764 °C to obtain 
significant results of highly mature scolecodonts. 
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Figure 3.8: Total ion chromatograms of prasinophytes analysed by (A) 
CP-Py-GC/MS (650 °C) and (B) La-Py-GC/MS. The main 
pyrolysis products are labelled: (x) n-alkenes, (●) n-alkanes, 
(Δ) n-alkadienes, (○) contaminant. 
 
In earlier studies Dutta et al. (2009) pyrolysed immature scolecodonts of 
Devonian age and detected large amounts of aliphatics, benzene, 
naphthalenes, phenol and their alkylated homologues as main 
components while Olcott Marshall et al. (2013)  suggested a mainly 
aliphatic composition as the result of µ-FTIR-spectroscopical analyses of 
Devonian scolecodonts (non-specific maturity rank). Both studies support 
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earlier assumptions of a rather proteinous material (Szaniawski, 1996, 
Nowaczewski, 2011) similar to the one generated by modern polychaete 
worms (Lichtenegger et al., 2002) than a chitinous one as elsewhere 
suggested (Armstrong and Brasier, 2004, Traverse, 2007). 
 
 
 
Figure 3.9: Total ion chromatograms of scolecodonts analysed by (A) 
CP-Py GC/MS (920 °C) and (B) La-Py-GC/MS. The main 
pyrolysis products are labelled: (x) n-alkenes, (●) n-alkanes, 
(○) contaminant. 
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Figure 3.10: Semi-quantitative amounts of the main chemical compound 
groups released from scolecodonts at different pyrolysis 
temperatures. 
 
3.3.2 CP-Py–GC/MS analyses of amber and vitrain 
In addition to the organic microfossils mentioned above, two further 
samples of fossil biomaterials were analysed.  
Amber is the fossilised resin of trees and occurs mostly in terrestrial 
sediments dating back up to the early-mid Mesozoic (ca. 200 Ma) (Ragazzi 
and Schmidt, 2011) although Carboniferous ambers have also been 
reported (Bray and Anderson, 2009). Its chemical structure is highly 
complex and shows a marked variation in composition depending on the 
source tree group and geological age. The dominant constituents of most 
ambers are labdanoid diterpenes and their polymers whereas Baltic 
ambers also contain significant amounts of succinic acids in their 
macromolecular structure (Anderson et al., 1992). In this study CP-Py 
GC/MS analyses of a Baltic amber sample released bicyclic monoterpenes 
(e.g. borneol, fenchol, camphene) and monocyclic aliphatic and aromatic 
structures at all applied pyrolysis temperatures (Fig. 3.11). Various 
sesquiterpenes as well as bicyclic aliphatics and aromatics were detected 
whereas diterpenoid structures were not identified at pyrolysis 
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temperatures of 358 °C and 423 °C. However, monoterpenoid structures 
are not part of the macromolecular framework of amber. During 
amberisation, monoterpenes as constituents of liquid resins might be 
strongly bound to the solid polymer structure and can be released later on 
by thermodesorption. Hence, the compounds obtained at low 
temperatures (358 °C and 423 °C) are more likely to be the results of 
thermodesorption processes than pyrolytic cracking. Higher pyrolysis 
temperatures (485–650 °C) raised the detected amount and structural 
variability of the pyrolysis products, leading to a marked dominance of 
sesquiterpenoid and bicyclic aliphatic and aromatic structures. 
Furthermore, the relative amount of monoterpenes as well as monocyclic 
aliphatics and aromatics also increased. Aromatic diterpenes, which are 
suspected to be the main macromolecular building components of amber, 
were clearly identifiable showing the highest relative portions at a 
pyrolysis temperature of 485 °C. In the pyrolysates generated at 764 °C, 
mono- and diterpenoid compounds are significantly reduced while the 
relative abundance of sesquiterpenes increases. At 920 °C a further shift 
towards lower molecular weight components is evident with lower 
abundances of sesquiterpenoids and bicyclic aliphatic and aromatic 
structures. Diterpenoids were not detected suggesting that this pyrolysis 
temperature is too high and is cracking specific high molecular weight 
compounds of amber into smaller ones. In summary, the series of analyses 
at various pyrolysis temperatures showed two major results: temperatures 
of 358 °C and 423 °C produced few true pyrolysis products and 
temperatures of 764 °C and 920 °C cracked the structurally significant 
molecular building blocks of amber.  Therefore, the ideal temperature for 
obtaining information about the chemical structure of amber appears to be 
between 485 °C and 650 °C.  
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Figure 3.11: Total ion chromatograms of amber pyrolysed at different 
Curie temperatures. MT: monoterpenes. Monocycl aro/ali: 
monocyclic aromatics and aliphatics. SQT: sesquiterpenes. 
Bicycl aro/ali: bicyclic aromatics and aliphatics. DT: 
diterpenes. 
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The present results correspond well with previous studies on different 
ambers considering the main pyrolysis products (Dutta et al., 2011) and 
their variations due to the different pyrolysis temperatures (Anderson and 
Winans, 1991). Anderson and Winans (1991) also set a temperature around 
480 °C as optimum. 
Another geochemically interesting biomaterial is Vitrain, an alteration 
product of wood and bark particles that is abundant in bituminous and 
sub-bituminous coals (hard coals). The main component of recent wood 
and bark is lignin, a cross-linked phenolic macromolecule with p-coumaric 
alcohol, coniferyl alcohol and sinapyl alcohol as its main building blocks. 
In this study CP-Py–GC/MS at various pyrolysis temperatures was 
applied on isolated vitrain particles (0.82% VRr). An overview of the 
structural distribution depending on the applied pyrolysis temperature is 
shown in Fig. 3.12. At pyrolysis temperatures up to 423 °C neither 
aliphatic nor oxygen containing structures were detected and only small 
amounts of aromatics (benzene, toluene, xylenes, styrene, benzaldehyde, 
naphthalene, methyl naphthalenes and phenanthrene) were released. At 
590 °C and 650 °C, low amounts of short chain n- and iso-alkenes/alkanes 
(C5–C7) as well as a high proportion of aromatics (polyaromatic ring 
structures up to phenanthrene) and oxygen-containing structures (phenol, 
cresol, xylenol) were identified (Fig. 3.13A). At 764 °C and 920 °C 
aliphatics from C5 to C8 and high amounts of aromatics (polyaromatic ring 
structures up to benz(a)pyrene) were released. In summary, CP-Py–
GC/MS analyses of vitrain samples of a mature rank (0.82% VRr) showed 
no increasing or decreasing trend in the relative composition of the 
pyrolysates with increasing temperatures whereas at least 590 °C are 
needed to detect aliphatic structures and 764 °C or higher to release tetra- 
and pentacyclic polyaromatics.  
Earlier studies by Senftle et al. (1986) detected mainly monoaromatic 
compounds and alkylated phenols in a series of vitrinite concentrates in 
varying relative amounts depending on their rank of thermal maturity; 
these authors did not explicitly refer to aliphatic hydrocarbons. Iglesias et 
al. (1995) compared FTIR spectra of various vitrains and determined a 
high portion of aromatic compounds and a relative low amount of  
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Figure 3.12: Semi-quantitative amounts of the main chemical compound 
groups released from vitrain at different pyrolysis 
temperatures. The values are averaged out of duplicate 
measurements. 
 
 
aliphatic structures which varies depending on the thermal maturity of the 
material. Furthermore, they found oxygen-containing structures only in 
samples of low thermal maturity. Thermal maturity has a profound 
influence on the composition of vitrain. Schenk et al. (1990) carried out 
infrared spectroscopic analyses on pure vitrain heated to different 
pyrolysis temperatures and found an increase of aromaticity and size of 
aromatic units with increasing sample heating. 
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Figure 3.13: Total ion chromatograms of vitrain analysed by (A) CP-Py-
GC/MS (650 °C) and (B) La-Py-GC/MS. The main pyrolysis 
products are labelled. (x) n-alkenes, (●) iso- or n-alkanes, (○) 
contaminant. 
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3.3.3 Comparison of CP-Py–GC/MS and La-Py–GC/MS 
Inducing pyrolysis by laser energy offers some considerable advantages 
compared to other pyrolysis techniques. The detection limit of the laser 
pyrolysis unit applied in this study is much lower than for the applied CP-
Py–GC/MS system, which required a minimum of 0.4 mg of sample 
material. However, the exact limits of detection for both instrumentations 
were not determined. Furthermore, the use of a microscope to focus the 
laser beam onto specific particles in the pyrolysis chamber makes it 
possible to collect spatially resolving information without the need of 
manual preparation of sample concentrates, which is very time-
consuming and may induce contamination. However, the pyrolysis 
temperature is dependent on the applied laser energy and is much harder 
to control. As the sample material itself has a crucial influence on the 
absorbed energy due to its colour and surface properties the effective 
pyrolysis temperature is very difficult to predict and to adjust. Dark 
surfaces absorb infrared laser energy much more readily than light 
coloured organic matter types. It is also not possible to measure the 
temperature induced by a laser beam, and temperatures can only be 
inferred on by comparing pyrolysis products from La-Py–GC/MS with 
pyrolysis products obtained using techniques where temperature can be 
controlled. This section shows the pyrolysis results obtained by La-Py–
GC/MS analyses and compares them to those produced by CP-Py–GC/MS 
(cf. Section 3.1). 
Fig. 3.3 shows the total ion gas chromatograms (TIC) of megaspores 
produced at 650 °C by CP-Py–GC/MS and by La-Py–GC/MS. For this 
material, the main chemical structures released and identified by La-Py–
GC/MS and CP-Py–GC/MS analyses are similar, although the relative 
composition differs somewhat. The homologous series of aliphatics is 
more pronounced in the CP-Py–GC/MS results, whereas La-Py–GC/MS 
traces are dominated by aromatic compounds. Furthermore, a higher 
amount of unspecific low molecular structures is observed by La-Py–
GC/MS. Comparing the relative composition of the pyrolysates of CP-Py 
GC/MS at various temperatures and La-Py–GC/MS (Fig. 3.4) a clear shift 
towards less aliphatics and more aromatics with increasing temperature is 
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evident. The maximum aliphatic chain lengths shifted significantly from 
n-C23 at 650 °C CP-Py–GC/MS to n-C16 at La-Py–GC/MS. Furthermore, CP-
Py–GC/MS analyses showed a nearly linear trend regarding the relative 
increase of aromatic and decrease of aliphatic components with increasing 
pyrolysis temperature. Even though there is no information about the 
temperatures applied during La-Py–GC/MS experiments the results of the 
chemical composition indicated a much higher temperature than 920 °C. 
These observations lead to the conclusion that the laser energy was too 
high for megaspores of this rank of thermal maturity as high amounts of 
unspecific very low molecular structures were formed and, therefore, 
influenced the relative chemical composition.  
The observation of the formation of high amounts of low molecular 
structures by La-Py–GC/MS can also be seen in the results of 
sporopollenin (Fig. 3.6B). However, there were also high amounts of 
higher molecular aromatic structures identified by laser analyses. The 
relative amount of detected oxygen-containing compounds did not vary 
significantly as no furanones and furans could be identified by La-Py–
GC/MS. The pyrolysis yield of the CP-Py–GC/MS analysis up to 650 °C 
was very low whereas at 764 °C the variety and relative amount of 
pyrolytic components was similar in La-Py–GC/MS. On the other hand, 
the high amount of low molecular pyrolysis products may suggest a 
pyrolysis temperature too high for analysis of extant sporopollenin by La-
Py–GC/MS experiments. Therefore, the La-Py–GC/MS method may be 
characterised as inappropriate for this kind of organic material.  
By comparing the results obtained from fossil prasinophytes by CP-Py–
GC/MS at 650 °C and by La-Py–GC/MS the qualitative results are quite 
similar at first sight (Figs. 3.8 and 3.7A). However, comparing the aliphatic 
chain length distribution there is a marked shift from the dominance of 
medium length (n-C9 to n-C16) aliphatics with CP-Py–GC/MS analyses to 
short chain (n-C6 to n-C11) aliphatics with La-Py–GC/MS measurements. 
Moreover, the highest aliphatic chain length detected by La-Py–GC/MS 
analyses was n-C16 whereas even CP-Py–GC/MS at 920 °C released chain 
length of n-C21, even though only in small amounts (Fig. 3.7B). These high 
amounts of short chain aliphatics imply that Laser pyrolysis temperature 
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is too high for prasinophytes from immature to early mature sediments as 
no structural information may be obtainable due to the cracking of long-
chained aliphatics into unspecific compounds.  
The analyses of scolecodonts by La-Py–GC/MS turned out to be quite 
challenging. Despite the dark colour of the specimens the laser beam 
seemed to reflect on the glassy surface of the material and showed no 
impact marks. Only increasing the laser energy to nearly maximum power 
enabled the analyses. While the energy of the laser apparatus seems to be 
too intense for the previous analysed materials, scolecodonts were only 
analysable at these high energies. Fig. 3.9 shows the TICs of CP-Py–
GC/MS at 920 °C and of La-Py–GC/MS. The high variation in aromatic 
components as well as aliphatics up to n-C12 identified by La-Py–GC/MS 
leads to the assumption that the applied energy was appropriate for this 
sample material. Fig. 3.10 compares the pyrolysis products of scolecodonts 
detected at different pyrolysis temperatures. CP-Py–GC/MS analyses at 
temperatures up to 650 °C released no meaningful pyrolysis products 
whereas even at 764 °C the pyrolysis yield was very low. It can be 
suggested that the energy of the laser during pyrolysis of the scolecodont 
samples is similar to the two highest applied Curie temperatures and 
might therefore represent an ideal method for the analysis of scolecodonts 
and similar materials of a very high thermal maturity.  
La-Py–GC/MS analyses on amber turned out to be also quite 
challenging as due to the light colour and glassy surface of the sample the 
laser beam was reflected. A successful pyrolysis was obtained after 
covering the sample with a thin graphite film. Fig. 3.11 compares the 
chromatograms of amber analysed at different pyrolysis temperatures and 
by La-Py–GC/MS. Mainly monoterpenes and monocyclic aliphatics and 
aromatics and a minor amount of sesquiterpenoid and bicyclic aliphatic 
and aromatic structures were released during La-Py–GC/MS whereas no 
diterpenoids were detected. Hence, the applied laser energy may be 
equivalent to a Curie temperature between 764 °C and 920 °C and, 
therefore, might have been too intense for this sample.  
In contrast, La-Py–GC/MS applied to vitrain provided quite satisfactory 
results. Fig. 3.13 shows the TICs of vitrain measured by CP-Py–GC/MS at 
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650 °C and by La-Py–GC/MS. The La-Py–GC/MS analyses released high 
amounts of monocyclic aromatics yet polyaromatics (up to phenanthrene) 
and oxygen-containing structures still represent a significant portion (Fig. 
3.12). Iso- and n-aliphatic structures ranging from C5-C7 contribute only to 
a minor extent. However, only small amounts of polyaromatic ring 
structures but a major amount of monoaromatics were identified by La-
Py–GC/MS and hence, indicated cracking of high-molecular weight 
aromatic ring structures such as benz(a)pyrene (identified at 920 °C CP-
Py–GC/MS) into low-molecular rings appeared. Nevertheless, La-Py–
GC/MS should be taken into consideration for the proper analyses of these 
kinds of mature aromatic biomaterials. 
 
3.4 Conclusions 
A broad variety of different fossil and extant biomaterials were analysed 
by La-Py–GC/MS and at various pyrolysis temperatures by CP-Py–
GC/MS. The comparison of both methods and the application of the new 
and time efficient method of La-Py–GC/MS as an alternative for the 
analysis of microfossils and palynomorphs was the focus of this study. 
Furthermore, differences in the results of each sample material depending 
on the applied pyrolysis temperatures were described in detail. This 
information provides assistance for the choice of pyrolysis conditions for 
further geochemical analyses (Table 3.2).  
The relative composition of the pyrolysates of extant sporopollenin, 
megaspores, prasinophytes and amber showed linear trends with 
increasing Curie temperatures. The results obtained from laser pyrolysis 
fit very well in line for all these samples indicating a laser pyrolysis 
temperature higher than the maximum Curie temperature of 920 °C 
applied. Scolecodonts and vitrain, however, showed no trend with 
temperature at all. Nevertheless, laser pyrolysis provided significant 
results for both materials even if an assumption about the laser 
temperature cannot be given.  
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The suitability of the analytical method depends very much on the 
physical properties of the sample material itself. La-Py–GC/MS is a useful 
tool for the analysis of thermally mature materials. These highly cross-
linked and aromatic materials require higher energy to produce significant 
pyrolysis products than thermally immature or less cross-linked materials, 
which can be provided by La-Py. Furthermore, the microscope coupled to 
the La-Py–GC/MS system makes it possible to analyse the requested 
material in situ in the surrounding heterogeneous material or to select 
specific locations and features. For materials with mainly aliphatic 
building blocks and for most extant materials investigated in this study 
the laser energy used in our system was too intense leading mainly to the 
generation of low molecular weight pyrolysis products that offer few 
insights into the chemical structure of the macromolecular matter that was 
pyrolysed. For such materials, CP-Py–GC/MS seems to be a better choice, 
since pyrolysis temperatures can be much better controlled. 
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Table 3.2: Recommended pyrolysis temperatures for each sample type. Additionally, Curie temperatures with higher 
and lower pyrolysis yields are given. Yields are estimated from the total peak areas of the total ion (TIC) 
chromatograms and related to the sample amounts. 
 
Sample Diagenetic rank Recommended 
CP-Py temp. 
(°C) 
Curie- temp. of higher 
relative pyrolysis 
yield (°C) 
Curie-temp. of lower 
relative pyrolysis 
yield (°C) 
Laser application 
recommended? 
Megaspores Immature Min. 650 590, 650 358, 485 No 
Sporopollenin Immature 764 764, 920 423, 650 No 
Prasinophytes Immature Max. 650 423, 650 920 No 
Scolecodonts Overmature Min. 764 764, 920 358, 650 Yes 
Amber Immature 485 – 650 485, 590 358, 423 No 
Vitrain Mature Min. 590 590, 764 358, 423 Yes 
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4 Off-line-pyrolysis–gas chromatography 
/ mass spectrometry analyses on drilling 
fluids and drill cuttings – Identification of 
potential environmental marker substances  
 
 
A B S T R A C T  
Three different synthetic polymers commonly used in drilling fluids 
(carboxymethyl cellulose – CMC, hydroxyethyl cellulose – HEC and 
polyacrylamide – PAA) were analysed by Off-line-pyrolysis–gas 
chromatography/mass spectrometry (Off-line-Py–GC/MS). The aim of this 
study was to identify specific environmental marker compounds for the 
identification of contaminations due to drilling activities. In a first step, 
reference materials of the main constituents of commonly applied water–
based drilling fluids were purchased and analysed to identify potential 
indicator substances. For each polymer a set of two to three specific 
pyrolysis products were determined. Afterwards, four CMC–, one HEC 
and two PAA–based drilling fluids were pyrolysed in order to retrieve the 
previously identified compounds in drilling fluid mixtures. All indicator 
compounds were identified. In a third step, drill cutting samples of 
various depths of one well were measured to detect some of the 
previously identified compounds. There was no available information 
about the drilling fluid(s) applied during the drilling process. The results 
provided no evidence for the use of one of the previously analysed 
drilling fluids whereas spiking experiments of various concentrations of 
drilling fluid mixed with drill cutting material released clear results and 
proved the traceability of polymers in cutting samples. 
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4.1 Introduction 
The number of drilling activities in the context of petroleum exploration 
and production increased rapidly within the last decades and is still 
ascending. Oil and gas fields in areas difficult to reach, e.g. the Arctic 
regions are now seen as potential resources. Furthermore, production 
from so-called unconventional hydrocarbon reservoirs (e.g. gas shales, 
coalbed methane) requires more drilling operations as compared to 
conventional reservoirs (Jarvie, 2012a, b). Such drilling operations affect 
the surrounding environment due to the use and discharge of certain 
chemical substances. The highest amount of discharges from petroleum-
related drilling operations, besides produced water ( “[...] water that 
accompanies oil and gas from the reservoir [...] and can contain several 
thousand different compounds.” (Bakke et al., 2012)), represent drill 
cuttings (crushed rock fragments) and drilling fluids (Bakke et al., 2012). 
The application of drilling fluids is essential for the success of rotary 
drilling operations (Donaldson and Chernoglazov, 1987). These water– or 
oil–based–fluids consist of clay minerals, weight materials (e.g. barium 
sulphate) and other, mostly artificial, additives. These different 
constituents, when added to the drilling systems, modify the borehole 
properties, e.g. stabilise the well pressure and the well walls, lubricate drill 
pipes, and support transport of the drill cutting material from the bottom 
of the borehole to the surface. Since 2001 the offshore-drilling operators 
are committed to collect all drill cuttings containing oil–based muds (> 1% 
HC/dry weight drill cutting) (Oil&GasUK, 2009) and drilling mud waste 
and to transport it onshore to clean and recycle or to dispose this material 
to landfills. If a suitable formation is present re-injection is another 
established technique for processing cuttings offshore (Backwell et al., 
2000). Drill cuttings containing solely water–based fluids are allowed to be 
discharged into the sea. Today, the current amount of cutting piles is 
estimated to comprise approx. 700,000 m³ of in–situ cuttings in the central 
North Sea and 500,000 m³ in the northern North Sea due to earlier 
discharges containing drill cuttings contaminated with oil– and water–
based fluids (Oil&GasUK, 2009). However, the cutting piles containing 
water–based fluids are large and persistent (Bakke et al., 2012). 
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Schaanning et al. (2008) and Trannum (2011) showed that cuttings placed 
on sediments in thin layers increased the consumption of oxygen and 
nitrate in the sediments, indicating that the drill cuttings contained easily 
biodegradable organic matter. This effect persisted in some cases for more 
than six month. Furthermore, Trannum (2011) showed that cuttings also 
had an effect on benthic fauna. This effect is strongly influenced by the 
thickness of the cutting layer. Thus, not only chemical reactions but also 
physical stress may play a role. A critical amount of cuttings is normally 
limited to areas closer than approx. 250 m to the pile centre. Furthermore, 
Dijkstra et al. (2013), Terzaghi et al. (1998) and Strømgren et al. (1993) 
reported an effect of drill cutting material on aquatic organisms (e.g. 
benthic foraminifera, crustacean). Other studies showed that water–based 
drilling fluid in a suspended state is able to cause damage to gills and 
influence nutrition physiology among filtering mussels (Bechmann et al., 
2006), blue mussels and scallops (Bakke et al., 2012).  
Further environmental effects can occur due to interactions of the 
drilling mud with the surrounding borehole sediments that may lead to a 
significant loss of the fluid which may be pressed into the rock. Especially 
highly porous and permeable formations are affected in which mud fluid 
invasion may range up to 3 m (Donaldson and Chernoglazov, 1987). These 
fluids may change the physicochemical properties of the sediment due to 
displacement of the formation fluids (Donaldson and Chernoglazov, 1987) 
and influence the ecosystem due to contamination with synthetic 
polymers. Even if most of the drilling fluid components are primarily so-
called ‘green and yellow’ chemicals that, in principal, do not have inherent 
environmentally harmful properties, the emissions of any synthetic 
substances do affect the ecosystem (Fabbri, 2001).  
Therefore, the detection and identification of emissions occurring from 
drilling activities is vitally important. Chemical analyses of drill cuttings 
to, e.g. keep track on their distribution have not been developed so far. For 
this purpose, we focussed on the systematic analysis of various artificial 
polymers that are used as main components in technical fluids by off-line-
pyrolysis–gas chromatography/mass spectrometry (Off-line-Py–GC/MS). 
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The aim of this study is to identify specific molecular indicators that can 
be applied as potential marker substances for drilling activities.  
Analytical pyrolysis, combined with gas chromatography/mass 
spectrometry (Py–GC/MS) is a well established, quick and reproducible 
method for the analysis of natural and artificial polymers (e.g. Wang 
(1999), Bart (2001), Fabbri (2001), Kronimus and Schwarzbauer (2007b), 
Sobeih et al. (2008), Antic et al. (2011)). High molecular weight structures 
are cracked into smaller, volatile compounds that are detectable with 
GC/MS due to the application of thermal energy. The present study 
compares the pyrolysates of various water–based drilling fluids, 
containing either chemically modified cellulose (carboxymethyl cellulose 
(CMC); hydroxyethyl cellulose (HEC)) or polyacrylamide (PAA) additives 
and points out potential environmental marker substances to identify 
contaminations due to drilling operations. Furthermore, the results are 
compared with those obtained from the pyrolysis of drill cutting samples 
– taken before subjection to the shale shaker – from the Norwegian Barents 
Sea in order to retrieve the previously identified indicator compounds. 
 
4.2 Material and methods  
4.2.1 Sample material 
24 samples of different materials, i.e. 3 polymer standards, 6 drilling fluids 
and 15 drill cuttings – taken from various depths of one single well – were 
used in this study. An overview is given in Table 4.1. The compound 
structures of the polymers applied are shown in Fig. 4.1. All samples were 
dried at 105 °C for at least 12 h. 
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Figure 4.1: Chemical structures of the polymer standard substances. (A) 
Carboxymethyl cellulose (CMC); (B) Hydroxyethyl cellulose 
(HEC); (C) Polyacrylamide (PAA). 
 
 
4.2.2 Off-line-pyrolysis–gas chromatography/mass spectrometry 
(Off-line-Py–GC/MS) 
Off-line-pyrolysis–gas chromatography/mass spectrometry (Off-line-Py–
GC/MS) experiments were performed using a Carbolite tube furnace 
model MTF 10/15/130, expanded with a quartz tube. The technical data of 
the furnace were as follows: maximum temperature = 1000 C, tube length 
= 150 mm, tube ID = 15 mm. The quartz tube was situated within the 
furnace. The glass joint ends of the tube were outside the furnace. The 
tube was connected with the nitrogen supply at the one side, while the 
other one was connected with a solvent trap (cooled to –70 °C), filled with 
10 mL of acetone or dichloromethane to which the pyrolysis products 
were transferred by the N2 flow (30 mL/min).  
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Table 4.1: Sample characteristics:(A) polymer standard materials; (B) 
drilling fluids and their main compounds; (C) drill cuttings. 
(TOC: Total organic carbon; TIC: Total inorganic carbon. 
Both values were obtained using a liquiTOCII instrument). 
Drill cuttings were provided by Eni Norge, taken at various 
depths from one single well. 
 
A. Standards 
Polymer Abbreviation Supplier 
Hydroxyethyl cellulose HEC Merck KGaA 
Carboxymethyl cellulose sodium salt CMC Sigma-Aldrich, Inc. 
Polyacrylamide PAA Carl Roth GmbH 
B. Drilling Fluids 
Drilling Fluid Abbreviation Supplier 
Viscopol® T (Sodium-carboxymethyl 
cellulose)  
DF1 GWE pumpenboese 
Viscopol TLV (Sodium-carboxymethyl 
cellulose)  
DF2 GWE pumpenboese 
Antisol® FL30 000 (Polyanionic 
cellulose/CMC)  
DF3 GWE pumpenboese 
CMC-HV (Carboxymethyl cellulose) DF4 Unknown 
Viscopol HEC (Hydroxyethyl cellulose)  DF5 GWE pumpenboese 
Poly-Plus RD (Polyacrylamide) DF6 Miswaco 
Poly-Plus liquid (Polyacrylamide) DF7 MGS Europe GmbH 
C. Drill cuttings 
Depth [m] TOC [mgTOC/g rock] TIC [mg TIC/g rock] 
1174 4.31 0.10 
1186 4.41 0.07 
1235 2.25 0.08 
1290 2.85 0.11 
1380 2.68 0.37 
1400 2.89 0.18 
1495 3.40 0.38 
1535 3.14 0.10 
1635 3.96 0.53 
1650 1.98 0.07 
1720 2.37 0.07 
1868 2.50 0.17 
1904 3.41 1.67 
1991 3.00 0.20 
2026 3.01 0.33 
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The sample ( 20 mg) was situated in an oblong porcelain vessel and 
the vessel with the sample was transferred into the pyrolytic furnace in the 
middle of the quartz tube. For thermochemolysis analyses 60 µL (3 x 20 
µL) of tetramethyl ammoniumhydroxide (TMAH) solution (25% in 
MeOH) was added to the sample material. The sample was dried 30 min 
at 40 °C after each application to let the solvent evaporate. Pyrolytic 
conditions were as follows: heating rate of 100 C/min at different 
temperatures and times (Table 4.2). After pyrolysis the solvent solution 
was dried by adding anhydrous Na2SO4 and the volume was reduced to 1 
mL (PAA) and 2 mL (CMC/HEC) by evaporation under ambient air 
conditions.  
Analysis was performed on a GC/MS system (GC Hewlett Packard 
5890; Finnigan MAT 95 mass spectrometer) with a non-polar capillary 
column (Zebron ZB–1, 30 m, 0.25 mm I.D., 0.25 µm film thickness). 
Chromatographic conditions were as follows: 1 µL injection volume, 
splitless injection (splitless time 60 s; injector temperature 270 °C), oven 
temperature heated from 50 °C (held 3 min)  at 3 °C/min to 150 °C 
followed by 25 °C/min to 310 °C (held 15 min). He was used as carrier gas. 
MS parameters included a source temperature of 200 °C, 70 eV EI and a 
scan range of m/z 35–700. Peak identification was based on comparison of 
MS data and retention times with those of reference material and mass 
spectral libraries (Wiley 7th Ed., NIST 05). Each sample was analysed at 
least twice under the same pyrolysis conditions to ensure the qualitative 
stability of the system. 
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Table 4.2: Off-line- pyrolysis parameters. Py-Temperature and py-time 
are the results of intense method optimisation . BSTFA: N,O-
bis(trimethylsilyl)trifluoroacetamide; TMAH: tetramethyl-
ammonium hydroxide; DF: drilling fluid. 
 
Sample Amount 
[mg] 
Pyrolysis- 
temp. [°C] 
Pyrolysis-
time 
[min] 
Addition of 
derivatisation 
reagent  
CMC – Std. 30 600 30 - 
HEC – Std.  40 500 30 - 
PAA – Std. 20 550 15 TMAH, 3 x 20 µL 
CMC-based DF 35 500 30 - 
HEC-based DF 35 500 30 - 
PAA-based DF 20 550 15 TMAH, 3 x 20 µL 
Drill cuttings 20 550 15 TMAH, 3 x 25 µL 
 
 
4.3. Results and discussion  
Three different polymers that are commonly used as components in 
drilling fluids (carboxymethyl cellulose – CMC, hydroxyethylcellulose – 
HEC and polyacrylamide – PAA) were analysed to evaluate their potential 
to act as environmental marker substances for drilling activities. In a first 
step, reference substances were analysed by means of Off-line-Py–GC/MS 
methods to identify specific low molecular weight products representing 
unambiguously the individual polymers. Secondly, drilling fluids 
containing these polymers as main constituents were measured to retrieve 
the previously identified compounds and to confirm their potential to 
indicate drilling fluids. Lastly, analyses of drill cutting samples were 
performed to verify whether the proposed indicator system works in 
terms of sensitivity and specifity.  
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At first, the reference polymers were pyrolysed under various 
conditions to obtain the optimal pyrolysis conditions. In particular, 
pyrolysis temperature and –time were optimised. Besides these 
optimisation measurements also the reproducibility of the pyrolysis 
analyses were checked. Fig. 4.2 shows an example of two sets of gas 
chromatograms analysed (A) under same pyrolysis conditions and (B) 
with different pyrolysis temperatures. The qualitative composition of the 
pyrolysis products was similar in both sets meaning that the pyrolysis 
analyses are qualitatively reproducible within a range of pyrolysis 
temperature from 400 to 600 °C and 15 to 30 min. However, the 
reproducibility was of low quality with respect to semi-quantitative data. 
The following presents the results of the pyrolysis analyses applied to 
standard materials, corresponding drilling fluids and drill cuttings. The 
results are discussed in terms of specificity of pyrolysis products to 
characterise drilling fluids unambiguously based on their polymeric 
constituents and to determine drilling additives in corresponding drill 
cuttings. 
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Figure 4.2: Two example chromatogram sets to show (A) the qualitative 
reproducibility and (B) the independency of product 
formation from pyrolysis temperatures. (A) PAA pyrolysed 
with TMAH; pyrolysis conditions 550 °C, time 15 min. (B) 
CMC; pyrolysed without TMAH at different temperatures 
(400 °C and 600 °C). 
 
4.3.1 Modified cellulose– based drilling fluids 
Cellulose as an important structural component of plants is one of the 
most abundant polysaccharides in nature (Fabbri et al., 2003). Besides its 
natural occurrence, modified cellulose derivates are important technical 
products, i.e. CMC or HEC widely used as adhesives or thickening agents 
(Arisz and Boon, 1993, Akiyama et al., 2005, Wiles et al., 2005, Sun et al., 
2007, Wu et al., 2014). Analysis of macromolecular structures is quite 
challenging. Basically, their non-volatility prevents GC based analyses 
(e.g. GC/MS) and their molecular weight distribution leads to complex 
signal patterns e.g. in LC/MS measurements. However, pyrolysis is a very 
useful analytical method cleaving the macromolecules into low molecular 
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weight products that can be analysed by GC/MS to obtain information 
about their molecular structure. 
One of the major pyrolysis products of pure cellulose is levoglucosan 
(1,6-anhydro-β-D-glucopyranose) (Shafizadeh and Fu, 1973). It is formed 
by depolymerisation processes, i.e. by transglycosylation reactions (Lin et 
al., 2009). A high degree of substitution on the –CH2OH groups of 
cellulose prevents the transglycosylation and because of that practically no 
levoglucosan is produced during the pyrolysis of chemically modified 
celluloses such as hydroxyethyl cellulose or carboxymethyl cellulose 
(Arisz and Boon, 1993). For the detection of highly polar pyrolysis 
products the application of derivatisation reagents are recommended for a 
better chromatographic separation. In the present study different 
derivatisation reagents (e.g. TMAH, N,O-bis(trimethylsilyl)-
trifluoroacetamide (BSTFA)) were applied and the results evaluated with 
respect to improved gas chromatographic separation and detection. 
However, CMC and HEC turned out to provide pyrolysis products with 
sufficient chromatographic resolution also without derivatisation. 
Therefore, we renounced the addition of derivatisation reagents in further 
analyses. 
CMC, a cellulose derivative with one or more carboxymethyl 
substitutions at the hydroxy groups, is a main component in various 
drilling fluid mixtures. Fig. 4.3 shows a chromatogram of pure CMC 
pyrolysed at 550 °C for 30 min. Pyrolysis released a high number of 
different pyrolysis products. As expected, the results showed no 
levoglucosan in the pyrolysis products confirming a high substitution 
degree on the primary OH groups. Comparing the substance spectra 
released by pyrolysis of cellulose and CMC, five compounds solely 
appearing in the CMC pyrolysis products were identified: (CI) 
dimethylcyclopentenone, (CII) hydroxydimethylcyclopentenone and (CIII) 
trimethylcyclopentenones (3 isomers). We assume that at high 
temperatures during pyrolysis the balance is moved in favour of 
aldehyde-form of sugar, leading to isomerisation and formation of 
unsaturated cyclic compounds (Fig. 4.4). As these compounds are no 
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pyrolysis products of pure cellulose these structures may act as potential 
environmental marker for the occurrence of CMC–based drilling fluid.  
 
 
 
Figure 4.3: TIC of pure CMC with specific fragment ions pyrolysed at 
600 °C for 30 min. CI: dimethylcyclopentenone (m/z 110); CII: 
hydroxydimethylcyclopentenone (m/z 126); CIII: 
trimethylcyclopentenones (3 isomers) (m/z 124). CELL I: 
hydroxymethylcyclopentenone (m/z 112) as pyrolysis 
products of pure cellulose serves as evidence for a modified 
cellulose polymer. 
 
Another modified cellulose polymer commonly used as drilling fluid 
additive is hydroxyethyl cellulose (HEC). HEC is synthesised by the 
reaction of the hydroxyl groups at the 2-, 3- and 6-position of the glucosyl 
units of the cellulose backbone with ethylene oxide to form O-(2-
hydroxyethyl) substituents (Arisz and Boon, 1993). If the hydroxyl group 
reacts further with ethylene oxide, polyethylene glycol-like side chains 
may be formed (Arisz and Boon, 1993). Fig. 4.5 shows the chromatogram 
of pure HEC pyrolysed at 500 °C for 30 min. Similar to CMC pyrolysis, no  
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Figure 4.4: Suggested formation of cyclopentanone-based structures 
during pyrolysis of CMC. 
 
levoglucosan was observed in the pyrolysis products of HEC confirming a 
high degree of substitution on the primary OH groups. The main 
pyrolysis products are (HI) dioxanol (m/z 104) and (HII) polyethylene 
glycols (m/z 75) of different chain lengths. These can be released easily via 
pyrolysis albeit a shortening of the chain length might be possible (Fig. 
4.6). Polyethylene glycols and their elimination products (formation of 
double bonds instead of OH-groups at terminal positions) are 
indistinguishable by mass spectrometry. To specify which of those 
compounds were released, the pyrolysis products of HEC were 
derivatised with BSTFA. The resulting compounds were identified as di-
trimethylsilyl polyethylene glycols (Fig. 4.7) proving the existence of two 
derivatised hydroxyl groups. As these compounds are no pyrolysis 
products of pure cellulose, analysed under the same conditions they may 
act as potential marker substances indicating an environmental 
appearance of HEC–based drilling fluids.  
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Figure 4.5: TIC of pure HEC with specific fragment ions pyrolysed at 
500 °C for 30 min. HI: dioxanol (m/z 104); HII: polyethylene 
glycol chains of different lengths (m/z 75).  CELL I: 
hydroxymethylcyclopentenone (m/z 112) as pyrolysis 
products of pure cellulose serves as evidence for a modified 
cellulose polymer. ◊: contaminant. 
 
However, polyethylene glycol chains are molecular moieties in a 
variety of xenobiotics, e.g. the surfactants nonylphenol ethoxylate or 
TMDD polyethoxylates. In order to differentiate HEC polymers from these 
technical products a further prerequisite is mandatory to identify HEC 
unambiguously. For considering also the cellulose moiety of HEC a 
pyrolysis product resulting not only from pure cellulose but also from 
HEC and CMC pyrolysis was identified: hydroxymethylcyclopentenone 
(m/z 112). This compound can act to prove the HEC origin of dioxanol and 
polyethoxylates in pyrolysates and to exclude other xenobiotical sources. 
It can also be used as part of the CMC indicator set. 
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Figure 4.6: Pyrolysis mechanism of a randomised HEC and the 
formation of polyethylene glycol chains by the Ei-elimination 
of a substituent at the 2-O-position (modified after (Arisz and 
Boon, 1993).  *: CH2CH2OH substituent; **: 
CH2CH2OCH2CH2OH substituent. 
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Figure 4.7: TIC of pure HEC derivatised with BSTFA. The specific 
fragment ions are added. The existence of two trimethylsilys 
substituents proved the existene of polyethylene glycol 
chains. 
 
Summarising the identified indicative substances for both CMC and 
HEC and contrasting the findings to cellulose, the following sets of 
molecular indicators are suggested for an unambiguous identification of 
CMC and HEC in environmental samples: 
 
1. Dimethylcyclopentenone (CI), hydroxydimethylcyclopentenone (CII) 
and trimethylcyclopentenones (3 isomers) (CIII) in conjunction with 
hydroxymethylcyclopentenone (CELL I) form a reliable indicator system 
to prove the occurrence of CMC polymers. 
 
2. HEC is clearly indicated by the pyrolysis products dioxanol (HI) and 
polyethylene glycols with various chain lengths (HII) but is necessarily 
accompanied by hydroxymethylcyclopentenone (CELL I). 
 
3. As a cross check the lack of levoglucosan indicates the absence of pure 
cellulose. 
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In order to check the reliability of these marker system CMC– and HEC–
based drilling fluids were analysed.  
Analyses of four CMC–based drilling fluids (DF1, DF2, DF3, and DF4) 
detected all indicative compounds (CI, CII and CIII) but with varying 
relative ratios. An exemplary chromatogram (DF4) with specific fragment 
ion chromatograms is shown in Fig. 4.8. In comparison to pure CMC, 
where trimethylcyclopentenones (CIII) showed the highest intensity, the 
drilling fluid revealed highest amounts for dimethylcyclopentenone (CI). 
Similar to HEC–based drilling fluid analysis 
hydroxymethylcyclopentenone (CELL I) was identified in all CMC 
containing drilling fluid samples. Noteworthy, levoglucosan has not been 
detected in the pyrolysate of any drilling fluid sample.  
 
 
 
Figure 4.8: TIC and the specific ion tracks of a CMC-based drilling fluid 
pyrolysed at 550 °C for 30 min. The full chemical names of 
CI, CII, CIII and CELL I are given in Fig. 4.3. 
 
Pyrolysis of the drilling fluid containing HEC (sample DF5) revealed all 
HEC– specific compounds (HI and HII) albeit in different relative 
proportions.  A corresponding chromatogram of this drilling fluid (DF5) 
with specific fragment ion chromatograms added is shown in Fig. 4.9. In 
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pure HEC the relative peak intensity shows no trend with the number of 
ether groups within the polyethylene glycol chains while in the HEC–
based drilling fluid a clear downward trend with increasing number of 
ether groups is present. This difference in relative ratios implied that the 
HEC–based drilling fluid DF5 does either not contain the same structure 
of HEC as present in the reference material or is bond to other components 
leading to the formation of different pyrolysis products. However, 
hydroxymethylcyclopentenone (CELL I) as complementary indicator for a 
modified cellulose origin was identified in this drilling fluid sample.  
 
 
 
Figure 4.9: TIC and the specific ion tracks of a HEC-based drilling fluid 
pyrolysed at 500 °C for 30 min. The full chemical names of 
HI, HII and CELL I are given in Fig. 4.5. 
 
Pyrolysis analyses of any drilling fluid samples clearly demonstrated 
the applicability of the proposed set of CMC and HEC specific molecular 
indicators for the unambiguous identification of these polymers in drilling 
fluids. Hence, these molecular indicator sets represent not only the 
polymers but also a wide series of drilling fluids.  
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4.3.2 Polyacrylamide (PAA) – based drilling fluids 
Beside cellulose–based macromolecules a second group of polymers is 
used intensively in drilling fluids: polyacrylamides PAA. Apart from its 
application in drilling fluids, technically modified PAA is used as, e.g. 
flocculants for wastewater treatment (Hunkeler and Hernándes Barajas, 
1997) or in soil recovery (Yang et al., 2011). Flocculants with PAA 
ingredients have been considered as relatively non-toxic but Harford et al. 
(2011) demonstrated that the sensitivity of different freshwater species to 
modified PAA can vary considerably, e.g. a cladoceran species showed 
sensitive reproductive effects. Thermal degradation of PAA is highly 
influenced by numerous factors like molecular weight, copolymer 
composition or mode of synthesis (Caulfield, 2002). Interestingly the main 
pyrolytic degradation pathway is similar for all types of chemically 
modified derivatives, since the modification is located directly at the PAA 
backbone. At low temperatures (200–300 °C) PAA begins to undergo 
irreversible chemical changes (Van Dyke and Kasperski, 1993) during 
which both inter- (Leung et al., 1987) and intramolecular (Vîlcu et al., 
1985) imidisation reactions occur. With increasing temperatures the 
primarily formed imides degrade to various substituted glutarimides 
(Leung et al., 1987). Fig. 4.10 shows the main degradation pathways of 
PAA comprising both consecutive reactions.  
 
 
Figure 4.10: Proposed degradation pathways for PAA below and above 
300 °C (modified after Caulfield (2002)). 
 
In contrast to CMC and HEC, pyrolysis products of PAA provided 
better gas chromatographic separation after methylation with TMAH. The 
derivatisation reagent TMAH was added to the sample material prior to 
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pyrolysis. This derivatisation produced dominantly N-methylated 
derivatives of the pyrolysis products as exemplified in Fig. 4.11.  
 
 
 
Figure 4.11: TIC of PAA treated with TMAH and analysed by offline-
pyrolysis. Peaks in grey are only detectable by adding 
TMAH, peaks in white are also present in pure PAA. PI: N-
methylglutarimide (m/z 127); PII: 2,N-dimethylglutarimide 
(m/z 141); PIII: 4,N-dimethylglutaconimide (m/z 139); PIV: 
2,4,N-trimethylglutaconimide (m/z 153). 
 
Peaks in grey are only detected in derivatised samples whereas the non-
shaded peaks are identified for both derivatised and unmodified PAA 
pyrolysis. The appearance of non-derivatised products even after addition 
of a high excess of TMAH might be the result of an inherent hindrance of 
the methylation process. For a complete reaction TMAH needs direct 
contact with the entire sample material. However, the grain size and shape 
of pure PAA might prevent a complete covering of the total amount of 
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polymer with TMAH leading to a contact restricted to the surface but not 
involving the core of the PAA grains. Nevertheless, the N-methylated 
compounds were chosen as potential indicator substances as they 
provided better peak shapes with higher symmetry.  
The pyrolysis of pure PAA derivatised with TMAH at 550 °C for 15 min 
released four representative glutarimide- derivatives that can be 
considered as PAA specific indicators: (PI) N-methylglutarimide (m/z 127); 
(PII) 2,N-dimethylglutarimide (m/z 141); (PIII) 4,N-dimethylglutaconimide 
(m/z 139); (PIV) 2,4,N-trimethylglutaconimide (m/z 153) (Caulfield, 2002, 
Kronimus and Schwarzbauer, 2007b). The N-methylation by the 
derivatisation reagent was proved by using deuterated TMAH. The 
molecular ions showed a shift of 3 amu after the addition of TMAD 
compared to the use of unlabelled TMAH. A detailed illustration of the 
mass spectral fragmentation of the PAA specific compounds, derivatised 
with non-labelled (A) and deuterated (B) TMAH, is given in Fig. 4.12.  
For transferring the results from the standard analyses to drilling fluid 
analyses two PAA–based drilling fluids (DF6– powdered, DF7– liquid) 
were performed. As presented in Fig. 4.13 the previously identified PAA–
specific compounds were also detected in the corresponding drilling 
fluids. The pyrolysis products of both PAA–based drilling fluids showed 
high amounts of (PI) N-methylglutarimide (m/z 127) and (PII) 2,N-
dimethylglutarimide (m/z 141). (PIII) 4,N-dimethylglutaconimide (m/z 139) 
and (PIV) 2,4,N-trimethylglutaconimide (m/z 153) occurred only in minor 
amounts whereas (PIV) was below detection limit in DF7. These relative 
ratios of the pyrolysis products are slightly different to the ones obtained 
from pure PAA. Pure PAA released the highest amounts of (PI) and (PIII). 
Furthermore, pure PAA showed higher amounts of (PII) and (PIV). This, 
however, might probably be because of the difference in concentration as 
the drilling fluids are a mixture of various components. Furthermore, DF6 
showed low amounts of non-derivatised residues whereas DF7 was 
completely methylated. This may be due to the fact that drilling fluid DF7 
was provided as a liquid substance which formed very thin and brittle 
flakes after drying which had a much finer grain size than DF6 or the PAA 
standard material. Therefore, PAA might be much more dispersed and the 
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material was much easier to mix with TMAH which covered and 
methylated the sample completely. 
 
 
 
 
Figure 4.12: TIC and mass spectra of the specific compounds of PAA 
pyrolysed with (A) regular TMAH and (B) deuterated 
TMAH. By using TMAD (B) all molecular ions gain 3 amu. 
The principle fragmentation due to loss of HC=O(M 29), 
methylated amide group (M 57/ M 60) and the methylated 
imide group (M 85 /M 88) are shown. 
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Figure 4.13: TICs of off-line-Py-GC/MS analyses of two PAA based 
drilling fluids and the fragment ion tracks of the PAA-
specific pyrolysis products (m/z). Full chemical names of PI, 
PII, PIII, and PIV are given in Fig. 4.11. DF6 (A) is a powder; 
DF7 (B) is supplied as a liquid. Both substances were dried at 
105 °C for 12h prior to analysis. 
 
In summary, the main pyrolysis products identified in pure PAA ((PI), 
(PII), (PIII)) were also detected in both PAA–based drilling fluids applied 
(DF6, DF7). However, the relative ratios of the pyrolysis products vary 
slightly. Nevertheless, the detection of those three main components with 
highest amount of (PI) N-methylglutarimide provides evidence for PAA if 
used as a component in drilling fluids.  
 
4.3.3 Drill cuttings 
As a final step, we tried to identify the suggested potential marker 
compounds also in drill cuttings. For this purpose, 15 samples, taken from 
different depths of one single well, were analysed. Information about the 
type of drilling fluid(s) applied during the drilling operation was not 
available. 
First GC/MS analyses of the pyrolysis products revealed no significant 
differences for the different depths. Intensive monitoring of the CMC–, 
HEC, and PAA–specific indicators by selected ion chromatograms pointed 
to no contribution of polymer derived molecules in the samples analysed. 
Therefore, we assume that the drilling fluid(s) used for this drilling 
operation did not contain any of these substances.  
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In spiking tests, when a specific amount of drilling fluid material was 
added to the drill cutting samples, we were able to detect CMC in a 
mixture of 30% CMC-based drilling fluid in drill cutting sample whereas 
the pyrolysate of a 10% mixture has to be further concentrated to 150 µL 
before injection to obtain reliable chromatograms. HEC was 
unambiguously indentified in spiking tests with 10% HEC- based drilling 
fluids (Fig. 4.14). PAA showed clear signals at mixtures of 1% PAA-
containing drilling fluids, i.e. these drilling fluids can be quantified in drill 
cuttings and natural sediment samples down to concentrations of 
approx.500 µg/g. Such low and even lower concentrations have to be 
expected in environmental samples and PAA might be identifiable even at 
such low concentrations. For the detection of CMC- and HEC-containing 
drilling fluids the estimated LoQ in natural samples are between 0.1% 
(HEC) and 1% (CMC). Hence, to quantify these drilling fluids in drill 
cuttings or sediments in concentrations lower than 1 or 10 mg/g, 
respectively, the analytical method has to be further optimised by pre-
treatment steps, e.g. addition of HCl and HF to remove mineralogical 
fractions or sieve-separation of the sand fraction. Extracts can be purified 
by liquid chromatography and the application of elevated mass 
spectrometric tools (high- resolution analyses) provides precise data.  
 
 
 
Figure 4.14: Spiking experiments of drill cutting material with (A) HEC– 
and (B) PAA–based drilling fluids. The specific indicator 
compounds are clearly identified in both experiments. The 
full chemical names of the compounds are given in Figs. 4.5 
and 4.11. ◊: Unidentified compound originated from the drill 
cutting sample. 
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It was observed that all drill cutting samples showed high amounts of 
compounds similar to the polyethylene glycols detected in HEC. It was 
not possible to identify them unambiguously but they were clearly 
distinguished from the results of HEC by the differences in retention time 
and mass spectra (Fig. 4.15). It might be possible that these compounds are 
polyalkylated glycols which are commonly applied in deep sea drilling 
operations to depress freezing temperatures and to prevent the formation 
of gas hydrates (Wenger et al., 2004). 
 
 
 
 
Figure 4.15: Comparison of TICs of spiked drill cutting material (+10% 
HEC-based drilling fluid) and pure drill cutting. The full 
names of HI and HII are given in Figure 4.5. DCs are 
compounds originated from the drill cutting material. 
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4.4 Conclusions 
For each investigated polymer-based drilling fluid additive two or three 
specific molecular indicator components were identified. Cross-checking 
the pyrolysis results of pure cellulose on modified cellulose-based drilling 
fluids (CMC and HEC) verified the potential marker substances. Due to 
the xenobiotic origin of PAA the corresponding indicators did not need 
any cross-check on natural products. For each polymer the following sets 
of marker substances are proposed (Fig. 4.16 (A-C)): 
 
- CMC: dimethylcyclopentenone (CI), 
hydroxydimethylcyclopentenone (CII) and 
trimethylcyclopentenones (CIII) (3 isomers). 
Hydroxymethylcyclopentenone (CELL I) as a proof for the origin of 
a modified cellulose structure in conjunction with the CMC specific 
components forms a reliable indicator system for the application of 
a CMC–based drilling fluid.  
- HEC: dioxanol (HI) and polyethylene glycols (HII) of different 
chain lengths. However, polyethylene glycols are widely used in 
various technical chemicals. Therefore, 
hydroxymethylcyclopentenone (CELL I) as proof for the origin of a 
modified cellulose structure in conjunction with the HEC specific 
components is needed to form a reliable indicator system for the 
application of a HEC–based drilling fluid.  
- PAA: N-methylglutarimide (PI), 2,N-dimethylglutarimide (PII), 
4,N-dimethylglutaconimide (PIII) and 2,4,N-
trimethylglutaconimide (PIV). All structures except for (PIV) were 
identified in both drilling fluids applied in the present study. 
Therefore, the identification of this 3-compound-pattern with the 
highest yield of (PI) would imply the use of a PAA-based drilling 
fluid in drilling operations. 
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Quantification of drilling fluids in drill cuttings or sediment samples 
seems to be able down to concentrations between 0.5 to 10 mg/g, 
respectively. However, there are many analytical parameters that can be 
used for further optimisation of sensitivity. In summary, this study 
demonstrated the usefulness of pyrolysis-based methods for the analysis 
of drilling fluids in the environment partially down to relevant 
concentrations. The application of the identified marker systems may 
allow to trace drilling derived impact on the environment and to follow 
drilling activities also in sensitive ecosystems.  
Noteworthy, the analysis of drill cutting samples taken from different 
depths of one well has not given any evidence for the use of one of the 
polymers analysed in this study.  
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Figure 4.16 (A): Indicator system for the identification of CMC. CI: 
dimethylcyclopentenone; CII: hydroxydimethyl-
cyclopentenone; CIII: trimethylcyclopentenones (3 
Isomers). CELL I: hydroxymethylcyclopentenone as 
pyrolysis products of pure cellulose serves as evidence 
for a modified cellulose polymer. 
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Figure 4.16 (B): Indicator system for the identification of HEC. HI: 
dioxanol; HII: polyethylene glycol chains of different 
lengths. CELL I: hydroxymethylcyclopentenone as 
pyrolysis products of pure cellulose serves as evidence 
for a modified cellulose polymer. 
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Figure 4.16 (C): Indicator system for the identification of PAA. PI: N-
methylglutarimide, PII: 2,N-dimethylglutarimide, PIII: 
4,N-dimethylglutaconimide and PIV: 2,4,N-
trimethylglutaconimide.  
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5 Conclusions 
 
 
In the present study, a wide spectrum of extant and fossil biopolymers as 
well as of synthetic macromolecules were analysed with regard to (i) the 
chemical alteration of organic material during thermal maturation 
processes and the comparability of the results obtained from bulk and 
spatially resolving pyrolysis and spectroscopic methods, (ii) the effect of 
different pyrolysis temperatures on the pyrolysis results of various extant 
and fossil biomaterials and (iii) the characterisation of specific pyrolysis 
products of synthetic polymers commonly used as drilling additives and 
the development of specific indicator systems for the identification of 
environmental contaminations originating from drilling processes .  
Organic material is chemically altered during diagenesis and 
catagenesis to stabilise its interior framework, e.g. by aromatisation 
processes. However, the individual components of a bulk sediment or 
kerogen mixture may be affected differently. To analyse the chemical 
alteration of bisaccate pollen and their corresponding kerogens with 
increasing thermal maturity, six samples of Lower Jurassic mudstones 
(uppermost Pliensbachian, Lias δ) from the Hils Syncline (Lower Saxony 
Basin, NW-Germany) covering a thermal maturity range from immature 
(0.48% VRr) to overmature (1.45% VRr) were investigated by bulk and 
spatially resolving spectroscopic and pyrolytic studies. Those samples 
were taken from cores drilled in the 1980s for the analysis of the very 
important petroleum rich formation of the Posidonia shale (Lias ε). The 
kerogens in the present study were sampled from the palynomorph-rich 
Lias δ formation and sieve fractionated into three different grain size 
fractions (<10 µm, 10–20 µm and 20–40 µm). µ-FTIR and La-Py–GC/MS 
analyses of the handpicked bisaccate pollen provided similar results of 
their chemical composition and alteration, namely defunctionalisation and 
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the change from predominantly aliphatic to more aromatic composition. 
The reproducibility was more pronounced by spectroscopic analyses than 
by La-Py–GC/MS. Macro-analyses on sieve-fractionated kerogen were 
performed by FTIR and CP-Py–GC/MS and provided partly different 
results, especially with respect to the yield of aliphatics in comparison to 
aromatics. FTIR revealed more aromatics in samples of higher thermal 
maturity than CP-Py. This observation can be explained by the catagenetic 
and metagenetic formation of highly condensed aromatic ring structures 
that were discriminated in CP-Py analysis as the pyrolysis temperature 
might have been too low. The maximum of aliphatic structures are usually 
obtained for the smallest grain size fraction (<10 µm) close to the peak of 
the oil-generation window (0.68% VRr). In summary, both IR spectroscopy 
and Py-GC/MS analyses gave insights into the alteration of palynomorphs 
with thermal maturation and the most comprehensive assessment is 
achieved by combining non-invasive and invasive techniques. 
The effect of different pyrolysis temperatures on the relative 
composition and yield of extant and fossil organic materials was examined 
by the analysis of various biopolymers. Six handpicked organic 
microfossils, vitrain and amber of different chemical composition and 
thermal maturity, were investigated by CP-Py–GC/MS and La-Py–GC/MS. 
CP-Py–GC/MS experiments were carried out at different pyrolysis 
temperatures to obtain information on the optimal pyrolysis temperature 
for each sample material, respectively. It was observed that the optimum 
pyrolysis energy, which has to be applied to the sample material, is 
dependent on its chemical structure and rank of thermal maturation (i.e. 
vitrain, scolecodonts). More aliphatic and/or immature materials (i.e. 
prasinophytes, amber) have to be analysed at low or medium pyrolysis 
temperatures as too high energy leads to the formation of low molecular, 
non characteristic pyrolysates. However, highly aromatic and/or mature 
materials (vitrain, scolecodonts) provide pyrolysis products only at high 
pyrolysis temperatures. A linear trend of the relative composition of the 
pyrolysates with increasing pyrolysis temperature was observed for most 
of the sample materials. Only overmature (scolecodonts) and mature 
(vitrain) specimen showed no trend at all.  
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In addition to CP-Py–GC/MS analyses the time efficient and not widely 
applied La-Py–GC/MS method as an alternative method for the analysis of 
biopolymers was applied and the results of both methods compared. 
However, the energy of the laser beam was quite difficult to control and 
the resulting temperature could only be estimated. Furthermore, the laser 
energy and its efficiency are strongly dependent on the physicochemical 
parameters of the sample material (e.g. colour and surface parameters). 
Dark surfaces are more easily penetrated by the laser beam than white or 
translucent materials. A possibility to overcome this problem is to cover 
light coloured materials with a very thin layer of graphite. The relative 
composition of the pyrolysate obtained by La-Py–GC/MS fitted well in line 
with the results provided by CP-Py–GC/MS for extant sporopollenin, 
megaspores, prasinophytes and amber, indicating a laser temperature 
higher than the maximum Curie temperature applied (920 °C). Analysis of 
scolecodonts and vitrain by La-Py–GC/MS provided significant results, 
even though no estimation of the pyrolysis temperature can be made. 
Nevertheless, La-Py–GC/MS is a promising instrumentation for the in situ 
examination of fossil macromolecules.  
Application of pyrolysis in the field of environmental sciences was 
performed by the analysis of synthetic polymers with objective to develop 
an indicator system for the detection of contaminants originating from 
drilling operations. This approach is more relevant than ever before as the 
drilling activities for the exploitation of unconventional oil and gas 
reservoirs increased considerably within the last decades. The 
environmental pollution related to these operations should be carefully 
evaluated. In the present study, standard polymers were analysed to 
identify specific marker substances of the main components of the drilling 
fluids. Two to three specific molecular indicator compounds for each 
polymer sample were identified. All compounds determined as potential 
marker substances for modified cellulose-based drilling fluids (CMC and 
HEC) were negative-proved with the pyrolysis results of pure cellulose. In 
a second step, CMC–, HEC– and PAA–based drilling fluids were 
analysed. All previously defined compounds were retrieved in the 
polymer mixtures. Finally, 15 drill cutting samples taken from different 
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depths of one single well, of which the composition of the additives 
applied during drilling process is unknown, were examined. The results 
did not provide evidence of the use of one of the previously analysed 
polymers. However, spiking tests of drill cutting samples mixed with 
drilling fluids in various ratios showed the feasibility for the identification 
of drilling fluids in drilling muds. To broaden the spectrum of indicator 
compounds, further studies on other reference polymers and their 
corresponding drilling fluid additives are necessary to assign them 
unambiguously to their origin.  
All in all, this study confirmed pyrolysis to be a suitable analytical 
method for the chemical characterisation of various extant and fossil 
biomaterials as well as synthetic polymers. Its reproducibility (CP-Py) and 
spatial resolution (La-Py) combined with highly sensitive detector systems 
(GC/MS) provide significant advantages compared to other degradation 
methods. A comprehensive picture of the chemical composition of 
macromolecular material can be obtained by the combination of pyrolysis 
with spectroscopic methods. 
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